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ABSTRACT
Kinetically trapped micelles are emerging as a novel platform for a wide range of
applications including drug delivery, nanoreactors, and templates for porous
nanomaterials. Kinetic control affords decoupling of micelle size from subsequent
applications. However, micelle homogenization and size tuning are inherently difficult due
to the high barrier toward micelle chain exchange processes. These challenges can be
resolved with the use of sonication, which enables switchable exchange where cavitation
leads to chain exchange and cessation returns micelles to kinetic entrapment. Small-angle
neutron scattering (SANS) measurements were used to quantify exchange during cavitation
induced exchange (CIE). The extent of exchange was observed to increase linearly with
CIE time and the rate of exchange was uniquely found to be directly proportional to the
polymer concentration. The absence of chain exchange is particularly useful when micelles
are used as templates, where such precision control is impossible under the constraints of
equilibrium. Thus, this novel exchange technique creates opportunities to utilize kinetically
trapped micelles for the fabrication of nanomaterials.
Kinetically trapped micelles were recently developed to enable independent control
over pore and wall dimensions relying upon kinetic control of micelles for constant pore
size. The approach was termed Persistent Micelle Templates (PMT). In these systems,
chain exchange is suppressed with water in solution. Unfortunately, the addition of waterreactive precursors to increase wall-thickness subsequently lowers the barrier to exchange.

v

A novel approach was developed to overcome this limitation using ex situ hydrolysis of
TiO2. This largely decouples micelle kinetic control from nanoparticle chemistry and
allows for significant expansion of precursor additions while maintaining PMT control.
This synthetic strategy along with parallel batching afforded remarkable precision tuning
of 1.6 Å wall increments over 26 material loadings. Li+ intercalation studies over the
systematic nanomaterial series allowed for nanostructure-performance driven relationships
to be identified. Turning towards enhancing application, the first PMT study of SnO2 films
has shown promise in systematic control over nanoarchitecture with potential in enhanced
battery materials. This body of work supports the size tuning and homogenization of kinetic
controlled micelles via CIE and development of subsequent processing chemistries to
support robust deployment of these micelles as templates.
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CHAPTER 1

OBJECTIVES AND INTRODUCTION

1

1.1 RESEARCH OBJECTIVES
The tunable fabrication of porous materials is crucial for applications in a variety
of fields spanning from optoelectronics, to catalysis, and biomaterials1–8 where material
dimensions govern performance. One such example are electrochemical devices, for which
the intercalation length scale influences reaction rates and charge storage mechanisms.9–18
Amphiphilic block copolymers (BCPs) have been widely utilized to aid in developing
ordered nanoscale morphologies, due to the chemical dissimilarity between two covalently
bound homopolymers leading to microphase separation.19–22 Dispersion of these BCPs in
selective solvents leads to micellization where the solvophobic blocks partition, creating
the core while the solvophilic blocks remain in contact with the solvent, forming the
corona.21,23–26 Even after decades of development with utilization of equilibrium controlled
BCPs micelle methods, there remains a need for fully-tunable, well-defined, porous
nanomaterials with independent control over discrete architectural dimensions.
Kinetically trapped BCP micelles have recently emerged to address the need for
decoupling micelle control from subsequent uses. However, challenges still remain in
tuning and homogenization of kinetically trapped micelles to the desired pore sizes for
application through chain exchange. Self-assembly under equilibrium control results in
limited tunability as the system responds to any perturbations via free energy minimization.
This effectively couples desired changes to one dimension to respond by shifting the
equilibrium and triggering associated changes to another component. This cause-and-effect
relationship has previously prevented systematic studies of structure-property
relationships. Recently, persistent micelle templates (PMT) emerged to realize sample
series with constant morphology and orthogonal tunability over pore size and wallthickness.27–30 This work first focuses on shedding mechanistic insight into cavitation
2

induced chain exchange (CIE) and examining the extent of chain exchange for these deeply
trapped systems. The resulting switchable exchange is then further decoupled from
materials chemistries yielding larger sample libraries to elucidate the subsequent effects of
confinement on electrochemical lithiation.
1.2 DISSERTATION OUTLINE
This dissertation focuses on the utilization of kinetically trapped BCP micelles for
controlled fabrication of nanoscale porous materials utilizing (1) CIE and (2) the concept
of PMT for various metal oxide precursors. The following discussion highlights how
utilization of kinetically trapped BCP micelles allows for tunable fabrication of
nanostructured materials. To this end, this dissertation discusses mechanistic insights for a
novel strategy to overcome kinetically trapped micelle chain exchange barriers. The
resulting micelles are then applied as templates to fabricate a systematic series of
nanostructured materials with enhanced electrochemical performance.
As described previously, homogenization of kinetically trapped micelles is crucial
for practical application where micelle size and persistence govern performance. Due to
the nature of amphiphilic BCPs in selective solvents, chain exchange between micelles is
drastically hindered. Generally, homogenization occurring near equilibrium is attributed to
single chain exchange (SCE). This exchange process occurs with a double exponential
dependence on χN (where χ is the interaction between the solvent and the solvophobic
block, and N is the chain length). Exchange with this mechanism progresses with logtime.31–35 Previous literature examined a polymer system with χN~200 exhibits no
appreciably exchange for up to 8 days when quiescent.35 The introduction of vortexing
promoted agitation induced chain exchange (AICE) where chain exchange occurs at the
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air-solvent interface. This expedited exchange, now linear with time, but showed marked
decrease at high concentrations due to surface crowding.36 Chapter 2 looks to elucidate
mechanistic insights of micelle chain exchange under a novel chain exchange mechanism,
CIE.28 This study utilized small-angle neutron scattering (SANS) to elucidate the rate of
exchange of a high-χN system (~500), nearly 2.5 times higher than most previously studied
systems. The mixed chain concentration was found to progress linearly with time,
analogous to previous vortexing experiments. Uniquely, the rate of exchange was found to
be directly proportional to the polymer concentration. This led to a postulated mechanism
that exchange is limited by the rate of micelle-bubble interactions. This exclusive feature
supports the ability of CIE to overcome normal energetic barriers to rearrangement
affording rapid and switchable chain exchange.
The utilization of kinetically trapped micelles as structure directing agents
(templates) for nanomaterial fabrication, however, remains a challenge with design
approaches subject to equilibration. This results in all architectural dimensions subjected
to the whims of free-energy minimization, sometimes called “the tyranny of the
equilibrium,”37 where changes to the pore size,29 wall-thickness, and/or the morphology
symmetry are all inherently coupled.38,39 PMT recently emerged to realize sample series
with constant morphology and orthogonal tunability over pore size and wall-thickness.
Typical PMT synthetic schemes, introduced materials to increase wall-thickness by
titrating in water-reactive precursors to a kinetically trapped BCP micelle solution, thus
lowering the effective barrier to rearrangement.27–30 This resulted in modest material-totemplate ratios (M:T) to increase the wall thickness, while maintaining constant pore size
(PMT window). In chapter 3, an ex situ hydrolysis was developed, where pre-hydrolyzed
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nanomaterials are added directly to kinetically trapped micelles. This decoupling allowed
for an expansion of the PMT window, spanning full tunability from sparse walls to nearly
isolated pores. In addition to this being the first example of PMT using TiO2, a parallel
batching approach was developed where 26 M:T ratios can be prepared in less than 3 hours
for 1.6 Å precision tunability. The precise control over material crystallization within
confinement enabled the first systematic study of electrochemical Li+ intercalation where
two TiO2 polymorphs were discovered. The capacity trends are detailed and proposed to
be due to discord between strain mismatch between anatase and TiO2(B) polymorphs.
The preceding discussions spanned the evolution of kinetically trapped micelles
from chain exchange to utilization as structure directing agents, where decoupling of
materials chemistry from micelle kinetics afforded expansion of material additions. This
was the first study implementing materials prepared utilizing the unique PMT fabrication
technique in device performance. Collectively, this thesis discuses a novel chain exchange
mechanism, CIE, for kinetically trapped polymer micelles and improvements in porous
template fabrication resulting in precision tunable nanomaterials. This drives development
for more materials-by-design approaches to support nano-optimization.
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CHAPTER 2

CAVITATION ENABLES SWITCHABLE AND RAPID BLOCK
POLYMER EXCHANGE UNDER HIGH-ΧN CONDITIONS1

___________________________
1

Lantz, K. A.; Sarkar, A.; Littrell, K. C.; Li, T.; Hong, K.; Stefik, M.
Macromolecules, 2018, 51, 6967.
Reprinted with permission from Macromolecules, 2018, 51, 6967. Copyright 2019
American Chemical Society.
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2.1 ABSTRACT
Kinetically trapped micelles are a novel platform for diverse emerging applications.
However, their homogenization and reproducible production is inherently challenging due
to the high-χN barrier towards chain exchange processes. Sonication enables switchable
micelle exchange where cavitation leads to exchange and cessation returns micelles to
kinetic entrapment. The mechanism was posited to be an agitation induced exchange
process similar to recent developments with vortexing. This study reports the first SANS
measurements of chain exchange during cavitation induced exchange (CIE). The mixed
chain concentration progresses linearly with sonication time, analogous to vortexing. In
contrast, the rate of CIE was directly proportional to the polymer concentration. This
feature indicates that CIE uniquely overcomes the energetic barriers that reduce exchange
rates with other methods. Furthermore, the linear progression with time and direct
concentration dependence suggest that exchange is limited by the rate of micelle-bubble
interactions. CIE thus uniquely supports switchable entrapment with rapid exchange rates,
supporting ongoing developments with kinetically controlled micelles.
2.2 INTRODUCTION
The dispersion of amphiphilic block copolymers in selective solvents leads to
micellization. In micelles, the solvophobic blocks partition into a separate core phase to
reduce contacts with the solvent phase, while the solvophilic blocks form a corona that
maintains solvent contact.1–4 The equilibrium diameter of a micelle is a balance of
interfacial enthalpy with the entropy associated with chain stretching, as well as other
terms. In contrast, the actual diameter of a micelle is a combination of the processing
history and the kinetics of chain exchange, in addition to thermodynamic considerations.
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Kinetically controlled micelles open new opportunities to decouple control of micelle size
from subsequent uses. Current uses for kinetically controlled micelles span from
nanoreactors and drug delivery to soft-templates for functional materials.4–10 We note that
such kinetically controlled micelles have various terms, including “non-ergodic,” “frozen
micelles,” “kinetically trapped,” or “persistent micelles.” The size distribution of
kinetically controlled micelles are very sensitive to the preparation conditions11–16 where
homogenization and size tuning is inherently challenging.
Micelle equilibration via single chain exchange and fusion/fission have been
extensively studied.12,17–24 Kinetic rates measured near equilibrium are usually attributed
to single chain exchange (SCE)19,25 where there is a double exponential rate dependence
on χN.26–30 Here the relevant χ term is between the solvent and the core block. Exchange
rates measured far from equilibrium are not clearly consistent with a single
mechanism,22,31,32 but micelle fusion/fission are often considered.33 The specific rates of
exchange vary widely and can be unobservably slow. For example, prior SANS chain
exchange measurements with both ~5.5 and ~8.5 kg/mol poly(ethylene oxide-b-butadiene)
dispersed in water had negligible chain exchange when quiescent for 8 days.30 Curiously,
a related study with a similar 11.1 kg/mol poly(ethylene oxide-b-butadiene) found that the
addition of stirring led to micelle size changes over a ~week time scale and resulted in a
bimodal micelle size distribution.34 Continuing with the same polymer, solution vortexing
remarkably led to the complete mixing of chains within 15 minutes.35 A new mechanism
termed agitation induced chain exchange (AICE) was advanced where the continuous
production of fresh solution-air interfacial area drove the adsorption of chains from
micelles to the surface. The collapse of those fresh surfaces then released chains, bypassing
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the SCE rate-limiting step of chain-extraction to the solvent. These examples all have
χN~200 based on similar polybutadiene block molar masses and the reported χ value with
water.36 This collection of works shows that high-χN micelles can be either kinetically
trapped when quiescent or have novel exchange mechanisms activated by agitation.
Cavitation induced exchange (CIE) recently emerged as a novel exchange
mechanism during solution sonication. Here the use of ultrasonic waves induces
continuous cavitation events with bubbles that grow and then implode rapidly on the
microsecond timescale, capable of producing ephemeral conditions with more than a
hundred atmospheres of pressure and temperatures more than 5000 K.37–39 Rapid
cavitational implosions are considered adiabatic where the energy is localized over a
limited spatial extent of ~50 nm.39 Here, the rapid turn-over of solution–gas interfaces from
cavitation were previously shown to support tunable micelle size distributions using a highχN system of poly(ethylene oxide-b-hexyl acrylate) (PEO-b-PHA) in THF/water
mixtures.40 When compared to solution vortexing, the same system exhibited an order of
magnitude faster response to CIE as compared to solution vortexing. A mechanism was
proposed for CIE where chains adsorbed on bubbles produced by cavitation and then upon
rapid bubble collapse would insert into micelles. However, there have not yet been any
direct measurements of high-χN chain exchange from CIE to evaluate the expected rate
dependencies. We note that sonication has been used to induce micelle structure
changes,41–43 to break extended polymer assemblies44,45 and micellar aggregates,46 as well
as to disperse additives into micelles.47–49 Lastly, we note that ultrasonic absorption
spectroscopy was used to study SCE rates for dynamic small-molecule surfactants.50–54 To
the best of our knowledge, polymer exchange has not yet been directly measured as a result
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of ultrasonic cavitation under kinetically controlled, high-χN conditions.
Small-angle neutron scattering (SANS) experiments using d/h-labeled polymers
and contrast matched solvents are an established technique to measure chain exchange
between micelles.55,56 Micelles are prepared separately using either protonated or partiallydeuterated block copolymers. The solvent mixture is contrast matched to d/h-mixed
micelles. Micelle solutions are prepared separately with each type of chain then aliquots of
each type of micelle solution are combined (post-mixed), yielding the maximum SANS
contrast where subsequent mixing results in a decay of scattering intensity. The ultimate
fully mixed state is obtained directly by mixing h- and d-labeled polymers prior to
micellization in order to produce a reference sample (premixed). The extent of chain
mixing is thus quantified by comparing progress from the initial post-mixed state towards
the final premixed state. Prior works examining SCE with quiescent solutions noted a
log(time) dependence57–60 for extent of chain exchange whereas AICE was linear with
time,35 highlighting the active role of surface area production upon the extent of chain
exchange. It was also observed that for both quiescent SCE and AICE during solution
vortexing that the rate of exchange decreased with polymer concentration or homopolymer
addition.35,28,61 Here we find that the extent of chain exchange for CIE varies linearly with
time but its rate is remarkably enhanced with polymer concentration, overcoming the
typical energetic barriers to other exchange processes.
2.3 EXPERIMENTAL METHODS
MATERIALS
Poly(ethylene glycol) methyl ether (PEO-OH, Mn = 5000 gmol-1, Aldrich), 2bromopropionic acid (>99%, Aldrich), and 4-(dimethylamino) pyridine (99%, Aldrich)
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were used as received. The catalyst, copper(I) bromide (99.99%, Aldrich), ligand, tris-[2(dimethylamino)ethyl]

amine

(97%,

Aldrich),

and

anhydrous,

inhibitor-free

tetrahydrofuran (THF, 99% Aldrich) were stored inside a glove box and used as received.
Hexyl acrylate (96%, VWR) and deuterated hexyl acrylate-d13 monomer, were passed
through basic alumina column just before use. Chloroform (>99%, Aldrich), hexane
(>98.5%, Fisher), and dimethylformamide (97%, Aldrich) were used as received. Methanol
(MeOH, 99.8%, Fisher) was dried at room temperature by storage over 30% w/v of
molecular sieves (3Å, 8-12 mesh, Acros Organics) for a week. Deuterium oxide (D2O,
99.9% D) was purchased from Cambridge Isotopes and used as received. All reagents were
used as received without any further purification unless otherwise stated. Dichloromethane,
ethyl ether anhydrous and magnesium sulfate anhydrous (Powder/Certified) were
purchased from Fisher Scientific; hydroquinone (>99%) was received from TCI
AMERICA; triethylamine (Et3N, ≥99%), 2,6-di-tert-butyl-4-methylphenol (BHT,≥99%)
and acryloyl chloride (≥96%) were obtained from Sigma-Aldrich; n-Hexanol (d13, 98%;
Lot I-15448) was purchased from Cambridge Isotopes Laboratories, Inc.
HEXYL-d13 ACRYLATE SYNTHESIS AND CHARACTERIZATION
Hydroquinone (1.0 g), BHT (1.0 g), 1-hexan-d13-ol (5.0 g, 43.38 mmol), and Et3N
(18.1 mL, 130.14 mmol) were dissolved in dichloromethane (150 mL) under nitrogen
atmosphere and cooled in an ice bath with sodium chloride. A solution of acryloyl chloride
(7.4 mL, 91.09 mmol) in 30 mL dichloromethane was added dropwise to the stirred
solution (Scheme A.1). The reaction was allowed to warm to room temperature and was
stirred overnight under nitrogen. Deionized water was then added, and the organic phase
was collected. The aqueous phase was washed with dichloromethane (3 x 100 mL) to
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extract 1-hexan-d13-ol from the aqueous layer. Sequentially, the combined organic phases
were dried over anhydrous MgSO4. After adding 0.5 g of BHT and 0.5 g of hydroquinone,
the solvent was removed by rotary evaporation to afford the crude product as a light yellowgreen liquid. The final product was obtained by purification via column chromatography
(1.5% ethyl ether in pentane) to yield a colorless liquid as the pure monomer (4.9 g, 67%
yield). The monomer was stored with trace BHT/hydroquinone (1:1, 0.1 wt.% of product),
and stored frozen under nitrogen. 1H and
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C NMR spectra were obtained on a Varian

VNMRS 500 NMR spectrometer at 23℃ in CDCl3 (7.27 ppm 1H reference and 77.23 ppm
13

C reference). Inverse-gated decoupling with a recycle delay of 25 seconds for 13C NMR

spectra. 1H NMR (CDCl3): 𝛿 6.39 (dd, JCD =17.4, 1.2 Hz, 1H, CH2=), 6.11 (dd, JCD =17.4,
10.5 Hz, 1H, =CH-), 5.80 (dd, JCD =10.3, 1.0 Hz, 1H, CH2=), 4.11 (s, residual –OCDH–
integrating less than 1%), 1.61 (m, residual -OCD2CDH- integrating at about 12%), 1.32
(m, residual -CDHCDHCD3 integrating at about 4%).
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C{1H} NMR (CDCl3): 𝛿 166.5

(CO), 130.6 (CH2=CH2-), 128.9 (=CH2-CO-), 64.2 (p, JCD =22.4 Hz, -OCD2- at ~99%),
30.2 (p, JCD =18.8 Hz, -OCD2CD2CD2CD2- at ~99%), 27.6 (p, JCD =19.3 Hz, -OCD2CD2at ~87%; overlaps with triplet centered at 28.0 for -OCD2CDH- at ~13%), 24.5 (p, JCD
=19.1 Hz, -OCD2CD2CD2- at ~99%), 21.4 (p, JCD =19.1 Hz, -CD2-CD3 at ~92%; overlaps
with triplet centered at 21.7 for -CDH-CD3 at ~8%), 13.0 (sept, JCD =19.1 Hz, -CD3 at
~99%). See 13C NMR spectrum in Figure A.1.
BLOCK COPOLYMER SYNTHESIS AND CHARACTERIZATION
A poly(ethylene oxide-b-hexyl acrylate), PEO-b-PHA, diblock copolymer was
synthesized along with a corresponding deuterated analog, PEO-b-dPHA. The two-step
synthesis started with a Steglich esterification of poly(ethylene glycol)methyl ether,
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followed by atom transfer radical polymerization (ATRP) as described elsewhere in detail.9
PEO454-b-PHA85 and PEO454-b-dPHA82, where the subscripts denote degree of
polymerization, were synthesized from the same PEO macroinitiator (Mn = 5 kgmol-1, Ð
= 1.06). The molar mass of PHA growth was determined using a Bruker Avance III HD
300 1H NMR by comparison to the known PEO. The dPHA similarly contained backbone
protons for determination of molar mass by 1H NMR. The molar mass dispersity (Ð) was
characterized using a Varian gel permeation chromatograph (GPC) equipped with a
Shimadzu 20AD LC pump, three styragel columns (HR1, HR3, HR4 in the effective
molecular weight range of 0.1-5, 0.5-30, and 5-600 kgmol-1, respectively), and a Varian
390-LC refractive index detector. The GPC was calibrated with poly(methyl methacrylate)
standards (2.8, 5.0, 10.3, 27.6, 60.2, 138.6, 342.9, 625.5 kgmol-1) obtained from Polymer
Laboratories. GPC samples were prepared in THF at a concentration of 4 mgmL-1, filtered
through a 0.2 μm syringe filter prior to injection. PEO-b-PHA (Mn = 18.4 kgmol-1, Ð =
1.10) and PEO-b-dPHA (Mn = 18.8 kgmol-1, Ð = 1.18) both had hydrophobic weight
fractions of 0.73, respectively (Figures A.2).
MICELLE PREPARATION
Four different polymer concentrations were prepared for each set of solutions
described: 1.0 wt%, 0.5 wt%, 0.2 wt%, and 0.1 wt%. Premixed solutions were prepared by
thorough mixing of 50 wt% dried PEO-b-PHA and 50 wt% dried PEO-b-dPHA in THF, a
neutral solvent for both blocks. The THF was removed by heating at 60 ˚C for ~3 hours
until complete dryness. This random mixture of 50/50 wt% PHA/dPHA was then dispersed
in MeOH followed by dropwise addition of D2O to a composition of 51 vol% MeOH/ 49
vol% D2O mixture. The solvent composition was designed to match the contrast of the
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mixed core62 and had a measured density of 1.00 g/mL. In addition, two separate solutions
were prepared containing either PEO-b-PHA or PEO-b-dPHA by first dispersing the
polymer in MeOH followed by dropwise D2O addition to the same composition as above
with gentle inversion. Subsequently, equal volume aliquots from each h/d solution were
combined and sonicated in a Fisher ultrasonic bath (Cat. no. FS-28) operated continuously
at full power (225 W) and frequency of 40 kHz for prescribed times, maintaining
temperature between 20 - 30 ˚C with ice additions, prior to SANS measurement (postmixed, variable tCIE). Quiescent solutions were subsequently remeasured to quantify for
chain exchange in the absence of sonication.
SANS MEASUREMENTS
Micelle solutions were measured in quartz Hellma cells with a path length of 1 mm.
SANS experiments were performed on the CG-2 General Purpose SANS instrument at the
High Flux Isotope Reactor at Oak Ridge National Laboratory.63 An incident neutron
wavelength (λ) of 4.75 Å was used with a sample-to-detector distance of 7 m to acquire a
q-range from 0.008 Å-1 < q < 0.2 Å-1. The SANS data were acquired for 15 minutes with a
flux of ~9 M neutrons per second incident upon the sample. All measurements were
performed at 20 ˚C. The data were reduced using a custom IGOR Pro software package
from ORNL. Data were corrected for background scattering using detector sensitivity,
empty cell scattering, sample thickness, and sample transmission. Scattering intensities are
presented on an absolute scattering intensity scale.
SANS ANALYSIS
The extent of chain exchange was monitored by the changing scattering intensity
over the range 0.01 ≤ q ≤ 0.03 Å-1. Exchange was quantified using a relaxation function,
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R(tCIE) :57
1

𝑅(𝑡𝐶𝐼𝐸 ) =

𝐼(𝑡𝐶𝐼𝐸 )−𝐼(∞) 2
( 𝐼(0)−𝐼(∞)
)(

1)

where 𝐼(∞) is the intensity for the premixed solution, 𝐼(0) and 𝐼(𝑡𝐶𝐼𝐸 ) are the intensities
for the solution at a given mixed aliquots (time 0 and sonicated times thereafter). Here an
absence of chain exchange corresponds to R(tCIE)=1.0 and complete mixing corresponds to
R(tCIE)=0. The premixed reference sample (𝐼(∞)) is necessary since the fully-mixed
micelles do not result in a zero-contrast condition due to residual scattering from e.g. corecorona contrast.64 The R(tCIE,q) values were calculated for each measured q from 0.01 to
0.03 Å-1. The reported R(tCIE) values were calculated as the average of all these R(tCIE,q)
values for each treatment to improve the signal-to-noise. The R(tCIE) analysis was
constrained to the q-region from 0.01 to 0.03 Å-1 where there was maximum scattering
intensity to minimize detection error (Poisson). The uncertainty in R(tCIE) was calculated
by propagating the uncertainty from the measured scattering intensity and the uncertainty
of polymer concentration. Slopes were fitted using a least-squares optimization and the
standard errors were reported.
GPC AFTER SONICATION
GPC measurements of polymers as a function of sonication time were conducted at
1.0 wt% to mimic experimental conditions with PEO-b-PHA. Solutions were prepared by
polymer dispersion in MeOH followed by dropwise addition of H2O to a 51 vol% MeOH/
49 vol% H2O composition with slight mixing. Aliquots were divided into equal volumes
and subjected to ultrasonic cavitation for various times. Following sonication, the solvents
were evaporated on a hot plate at 40 ˚C for 3 hours. GPC samples were then prepared in
THF at 10mg/mL and filtered through a 0.2 μm syringe filter prior to injection.
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DLS AFTER SONICATION
The hydrodynamic diameter of micelles in solution as a function of sonication time
was measured using dynamic light scattering (DLS). PEO-b-PHA was dispersed in
MeOH/H2O similarly as for SANS studies. Aliquots of 2 mL were filtered through 0.2 μm
syringe filters into polystyrene cuvettes and were tightly sealed. Measurements were
obtained using a Zetasizer Nanoseries ZEN3690 instrument. DLS measurements were
taken at time zero, without sonication. The same cuvette was exposed to ultrasonic
cavitation with tCIE= 10 – 300 minutes with periodic DLS measurements. Similar to the
SANS studies, the ultrasonic bath was maintained between 20 - 30 ˚C with ice additions.
Measurements were run at 25 ˚C with 10 min thermal equilibration time prior to each 10
min acquisition. The data were analyzed using a solvent mixture viscosity of 0.547 cP and
refractive index (RI) of 1.326 calculated using pure water and MeOH values and the mole
fraction.65,66 A log-normal distribution was fit for each measurement corresponding to the
mean and standard deviation reported in Table A.1.
2.4. RESULTS AND DISCUSSION
Chain exchange was examined when quiescent and as a result of sonication using
contrast matched SANS experiments (Scheme 2.1, Fig 2.1). Post-mixed micelle solutions
were first examined for chain exchange under quiescent conditions (Fig A.3). Timeresolved measurements were not necessary since scattering curves for quiescent samples
were constant for extended periods, up to 12 hrs checked, indicating a lack of detectable
chain exchange. This observation confirms that the χN conditions here are sufficiently high
to arrest chain exchange on the experimental time scale. Again, the pertinent χ parameter
for micelle formation and chain exchange is between the core forming block (PHA) and
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the solvent system (MeOH-Water). Solubility parameters67 were found to provide an
unrealistic estimate for χPHA-MeOH/water~28.6. For comparison, polybutadiene, a similarly
hydrophobic block, have experimentally measured values of χPB-water~3.5 and χPB36
MeOH~3.3.

Based on these closest available comparisons, the present experiments are

estimated to have χN~500. Thus, the present experiments are anticipated to be deeply
trapped with more than twice the χN barrier as recent kinetically-controlled PEO-bPB/water experiments.30,34,35
The SANS of post-mixed micelles was also measured as a function of sonication
time. The posited mechanism for CIE is that cavitational implosions drive chain exchange
by enabling chain extraction to ephemeral cavitation bubbles followed by bubble collapse
and rapid chain integration into micelles (Scheme 2.2). Here the rate of cavitational
implosions is constant during ultrasonication and is expected to lead to a linear decrease in
the relaxation function R(tCIE). The data for 1.0 wt% solutions are shown in Figure 2.1A
where the scattering intensity monotonically decreased with sonication time. The
relaxation function R(tCIE, q) was calculated over a range of q-values (0.01 to 0.03 Å-1) and
was then averaged to improve the signal-to-noise (Figure 2.1B). The scattering intensity
was highest in this q-range and the calculated R(tCIE, q) values were invariant with q. The
average R(tCIE) values with sonication time are shown in Figure 2.1C. We note that this
common method has been shown to yield nearly identical results to an alternative approach
that integrates intensity over the same range.26–28 This R(tCIE) trend is the first direct
observation of high-χN chain exchange during CIE. The linear progression of R(tCIE) with
time suggests that the exchange process is limited by the extent of ultrasonic cavitation. A
commonplace laboratory ultrasonic bath was used where these procedures are easily
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Scheme 2.1. Separately prepared micelles
with either d/h-labeled chains. The
solutions are combined (post-mixed) in a
solvent that is contrast matched to a
randomly mixed micelle core. The initial
mixture has maximum scattering contrast
where ultrasonic cavitation results in chain
mixing and decreased scattering contrast.

Figure 2.1. SANS data of 1.0 wt% micelle solutions with different
treatments (a). The relaxation function R(tCIE) was averaged over a qrange for improved signal-to-noise (b). The resulting average R(tCIE)
was calculated for each sonication time (c). GPC measurements of the
21

same protonated polymer subjected to extensive sonication (d). The
GPC data in (d) were offset vertically for clarity. Error bars in (a)
correspond to the standard deviation of the measured scattering
intensity. Error bars in (b, c) correspond to uncertainty propagated from
both the measured intensity and the polymer concentration.
employed in diverse laboratories. A similar linear dependence with vortex time was noted
for the surface-limited exchange process in AICE. In contrast, SCE typically progresses
with a linear dependence of R(tSCE) with log(time)57–60 as a result of the combination of the
original Halperin and Alexander model19 core block dispersity.29,61,68 The R(tCIE)
calculation assumes constant form factor where the micelle dimension is constant and thus
changes to intensity are attributed to chain mixing alone. Since CIE is used far from
equilibrium, we focused on early mixing times with a limited extent of mixing having
R(tCIE)>0.9 where both DLS measurements of overall hydrodynamic diameter (Table A.1,
Fig A.4) and SANS form factor fitting for the spherical PHA core (Table A.2, Figure A.5)
confirmed that the nominal micelle dimensions were not observably changed when
R(tCIE)>0.9. Analysis was thus constrained to low mixing extents with R(tCIE)>0.9 to
minimize contributions from size changes69 which were observed by DLS only after more
extended sonication times (Table A.1). The original works of Halperin and Alexander
predicted that chain exchange would progress faster than changes to the nominal micelle
size.19 Sonication has been noted to produce reactive solvent radicals39 and the harsh
conditions have been noted to degrade high molar mass polymers.70–73 To check for chain
degradation, we conducted GPC measurements on PEO-b-PHA as a function of sonication
time under identical conditions (Fig 2.1d). GPC measurements did not detect any change
in the molar mass distribution nor the appearance of low molar mass contaminants as a
result of sonication, up to the maximum time point checked of 5 hrs. This 5 hr sonication
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time was without observable changes to the polymer and far exceeds the durations used
here for SANS exchange measurements. Thus, the interpreted chain exchange from
intensity changes cannot be attributed to degradation of the polymers.

Scheme 2.2. The posited mechanism for
cavitation induced exchange (CIE) where an
ultrasonic induced cavity creates fresh solutiongas interface that absorbs polymer chains. The
subsequent rapid implosion of the bubble releases
free chains that quickly integrate into micelles.
The rate of micelle-bubble interactions is
expected to limit the rate of exchange. This
exchange rate is expected to be constant with time
and directly proportional to the polymer
concentration.
SANS experiments were conducted at multiple concentrations ranging from 0.11.0 wt% to gain insights into the underlying mechanism. The rate of chain exchange for
the posited CIE mechanism is expected to scale directly with polymer concentration due to
an increased probability of micelle-bubble interactions. Figure 2.2 presents the SANS data
from sonication time variation for 0.1-0.5 wt% polymer solutions. Performing the same
R(tCIE) analysis within the limit of R(tCIE)>0.9 led again to linear R(tCIE) relationships with
CIE time for all concentrations examined (Figure 2.3). The fluctuations in R(tCIE) about the
nominally linear trend are consistent with the propagated uncertainty. For each
concentration dataset, the expected constant rate of mixing is the simplest interpretation,
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however, we cannot exclude the possibility of an induction time due to the calculated
uncertainty. This further supports that the exchange process is limited by the extent of
cavitation for a range of concentrations. Again, the assumption of constant micelle size for
R(tCIE) calculations was checked by DLS measurements and SANS form factor fitting
where much longer sonication times were needed to induce observable changes (Figures
A.4, A.5, Tables A.1, A.2). Here, lower polymer concentrations required further extended
sonication times to reach similar extents of mixing. For example, the 1.0 wt% sample reach
R(tCIE)=0.95 after 20 mins of sonication, whereas the 0.5, 0.2, and 0.1 wt% samples
required 23, 26, and 63 mins of sonication, respectively, as extrapolated from the linear
best fits. The mass flow associated with chain exchange may be calculated by assuming
the process follows a zero-order rate expression. Here the quantity [1-R(tCIE)] represents
the fraction of chains exchanged and c0[1-R(tCIE)] represents the concentration of mixed
chains where c0 is the constant polymer concentration. Using this approach, the
concentration of mixed chains may be examined as a function of time and polymer
concentration. It was found that the concentration of mixed chains increased linearly with
time for all concentrations (Fig 2.4A). The slopes from the resulting linear fits yielded the
corresponding zero-order rate constants (Table 2.1). Comparison of the resulting slopes
indicates that the rate of chain exchange increased with polymer concentration.

Figure 2.2. SANS data with different treatments for 0.5, 0.2, and 0.1 wt% micelles, (a), (b),
and (c), respectively. Error bars represent standard deviation in measured scattering

24

intensity.

Figure 2.3. Average relaxation function R(tCIE) with sonication time for 0.5, 0.2, and 0.1
wt% micelle solutions, (a), (b), and (c), respectively. Error bars correspond to uncertainty
propagated from both the measured intensity and the polymer concentration.

Figure 2.4. Mixed chain concentration increased linearly with time for all concentrations
(a). The rate of chain exchange was directly proportional to the polymer concentration (b).
Error bars in (a) correspond to propagated uncertainty. Error bars in (b) correspond to
standard error from least squares fitting.
Table 2.1. Rate constants for CIE with different polymer concentrations.
Polymer
Concentration (wt%)
0.10
0.20
0.50
1.0

Polymer Concentration
(mg/mL)
0.98
2.01
5.01
10.06

Rate
Constant R2
(mg/mL/min)
7.8x10-4 ± 1.5x10-4 0.708
3.9x10-3 ± 3.2x10-4 0.895
1.1x10-2 ± 2.0x10-4 0.995
2.5x10-2 ± 3.0x10-3 0.910

The increased rate of chain exchange for CIE with polymer concentration is
remarkable. Prior works with SCE identified that the rate of exchange was relatively
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constant for low concentrations of 0.5-2 vol%74 but was considerably reduced with high
concentrations of 15 vol%61 or the addition of homopolymer.28 Here additional overlap of
corona blocks was theoretically predicted to increase the activation energy for SCE. 24
Similarly, prior works with AICE using vortexing found that the rate of exchange was
similar for low concentrations (~0.24-0.75 wt%), but reduced considerably with higher
concentrations (~1.0-1.5 wt%).35 It was speculated that the energetic penalty for chain
exchange increased when approaching the semidilute regime, corresponding to a marked
decrease in the observed exchange rate. Admittedly, the concentrations employed in the
present study are within the dilute regime but are close to the semidilute regime.
Regardless, the concentrations examined here are commensurate with these comparable
works. In contrast, the rate of exchange for CIE increased with polymer chain
concentration, even upon approaching the semi-dilute regime (~1.0 wt%). This trend is
counter to that expected based upon corona overlap, counter to that expected based upon
viscosity, and counter to observations of slowed surfactant and nanoparticle adsorption to
air-liquid interfaces with concentration.75,76 A possible explanation for the observed CIE
trend is that cavitational implosions provide an energy that exceeds these energetic barriers
for chain exchange. Another possible explanation is that the rapid microsecond timescale
for cavitation results in a low surface excess without sufficient time to produce a surfactant
surface coverage that inhibits further adsorption.
Further insights to the CIE mechanism are found by quantitatively examining the
rate dependence upon polymer concentration (Figure 2.4B). The posited mechanism for
CIE (Scheme 2.2) is that cavitational implosions drive the extraction of chains from
micelles. Ultrasonic cavitation in the presence of surfactants is known to reduce bubble
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coalescence,77–79 and this apparent surface activity of surfactants during ultrasonic
cavitation suggests that adsorption processes are active during rapid cavitation events.
After chain extraction, bubble implosion is expected to cause the extracted chains to rapidly
integrate into micelles. The surface velocities of cavitational implosions can be quite rapid,
exceeding ~1 m/s.80 This solution-gas wave front thus passes across a volume of solution,
displacing micelles along the way. The rate of micelle-bubble interactions and thus the rate
of chain exchange is expected to be proportional to the polymer concentration as long as
the available energy enables efficient chain extraction. The present data is well fitted by a
directly proportional relationship for chain exchange rate with polymer concentration. Here
the rate of exchange (mg/mL/min) = 0.024 ± 9.5 x 10-4 (mg / mL / min / wt%) * polymer
concentration (wt%) with a Pearson’s correlation coefficient of R2 = 0.989. The above
arguments provide a possible explanation for the proportional acceleration of CIE with
polymer concentration. However, we note that many questions remain open about the CIE
mechanism. Chain exchange may occur via extraction of chains to the cavitation surface,
although we cannot exclude micelle fusion/fission that could e.g. be driven by the collision
of adsorbed micelles81,82 during bubble implosion. Chain extraction might occur during
bubble growth, bubble collapse or both. Also, each micelle-bubble interaction may remove
a small fraction of chains or may rip the entire micelle apart into adsorbed unimers. Here
questions of molecular level interactions with ultrasonic waves could benefit from future
computational studies. Lastly it is not clear if CIE drives micelle size equilibration or rather
produces a distinct distribution based upon kinetic entrapment. Lastly the dependence of
CIE rate on χ, N, bubble lifetime83 (frequency dependent), bubble size77,84 (frequency and
solvent dependent), bubble velocity80 (power dependent), and cavitation mode83 (transient
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vs stable, dissolved gas dependent) are interesting parameters for further research. While
many questions remain open, the data here show that CIE drives initial chain exchange at
a constant rate that is directly proportional to the polymer concentration.
2.5 CONCLUSIONS
This study utilized contrast-matched SANS techniques to examine the cavitation
induce exchange of polymer chains between high-χN micelles. Concentrations were
examined from 0.1-1.0 wt% as a function of sonication time. The examined micelle
solutions were estimated to have χN~500 and were confirmed to have unobservable chain
exchange when quiescent. In all cases, the extent of chain exchange progressed linearly
with time, suggesting that exchange is limited by the extent of ultrasonic cavitation. The
rate of chain mixing was found to be directly proportional to the polymer concentration as
predicted by the posited mechanism. This suggests that the typical energetic barriers for
chain exchange are exceeded by the available energy from CIE. This unique concentrationbased acceleration of exchange under high-χN conditions may enable concentrated
industrial processing of kinetically controlled micelles dispersed in highly selective
solvents.
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CHAPTER 3

FULL GAMUT WALL TUNABILITY FROM PERSISTENT MICELLE
TEMPLATES VIA EX SITU HYDROLYSIS1

__________________________
1

Lantz, K. A.; Clamp, N. B.; van den Bergh, W.; Sarkar, A.; Stefik, M.
Small, 2019, 1900313.
Reprinted with permission from Small, 2019, 1900313. Copyright 2019 John Wiley
and Sons, Inc.
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3.1 ABSTRACT
The predictive self-assembly of tunable nanostructures is of great utility for broad
nanomaterial investigations and applications. The use of equilibrium-based approaches
however prevents independent feature size control. Kinetic-controlled methods such as
persistent micelle templates (PMT) overcome this limitation and maintain constant pore
size by imposing a large thermodynamic barrier to chain exchange. Thus, the wallthickness is independently adjusted via addition of material precursors to PMTs. Prior PMT
demonstrations added water-reactive material precursors directly to aqueous micelle
solutions. That approach depleted the thermodynamic barrier to chain exchange and thus
limited the amount of material added under PMT-control. Here, we develop an ex situ
hydrolysis method for TiO2 that mitigates this depletion of water and nearly decouples
materials chemistry from micelle control. This enabled the widest reported PMT range
(M:T=1.6-4.0), spanning the gamut from sparse walls to nearly isolated pores with ~2 Å
precision adjustment. This high-resolution nanomaterial series exhibited monotonic trends
where PMT confinement within increasing wall-thickness led to larger crystallites and an
increasing extent of lithiation, reaching Li0.66TiO2. The increasing extent of lithiation with
increasing anatase crystallite dimensions was attributed to the size-dependent strain
mismatch of anatase and bronze polymorph mixtures.
3.2. INTRODUCTION
Nanomaterials exhibit remarkable properties that vary significantly with material
dimension. For electrochemical devices, both the reaction rates and the active charge
storage mechanisms depend on the intercalation length scale.1,2,11–13,3–10 Efforts have led to
wide ranging applications for porous nanomaterials arising from their novel electronic,
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catalytic, optical, and biological properties.14–21 There has been significant progress using
the self-assembly of block copolymers to realize well-defined nanomaterials with a range
of morphologies, compositions, and dimensions.22,23,32–41,24,42–51,25,52–55,26–31 Despite the
widespread production and use of nanomaterials, there remains a need for “materials by
design” approaches that support predictable and tailored architectures. A challenge with
approaches based on equilibration is that all architectural dimensions are subject to the
whims of free-energy minimization, sometimes called “the tyranny of the equilibrium”.56
Thus equilibrium processing couples changes to the pore size,57 wall-thickness, and/or the
morphology symmetry.58,59
Persistent micelle templates (PMT) recently emerged as a unique approach to
realize isomorphic sample series (constant morphology symmetry) with independent
control of each feature size, namely the wall-thickness and pore size. PMT has advanced
to span a wide range of dimensions from mesoporous to macroporous materials.57,60–62
PMT is based on kinetic-control where micelle exchange mechanisms are suppressed to
preserve a constant micelle diameter (constant template). A PMT series with variable
amount of material added thus leads to tunable wall-thickness with constant pore size. We
note that tunable wall-thickness has been observed without consideration of kinetic
control.46,63,64 The equilibrium diameter of a micelle is determined by thermodynamic
contributions of chain stretching entropy and interfacial enthalpy, in addition to other
terms. In contrast, the actual diameter of a micelle is determined by the processing history
where changing conditions alter both the equilibrium size and the chain exchange kinetics.
For example, single chain exchange was found to have a chain exchange rate that scaled
with a double exponential dependence on χN.65–68 Here the χ term is largely an enthalpic
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parameter that corresponds to the energy of the core block forming an interface with the
solvent phase. Such high-χN conditions enable PMT where water content and solvent
selection are carefully controlled to maintain an energetic barrier to chain exchange.62
A significant challenge with PMT demonstrations to date is that the material
additions are strongly coupled to a loss of kinetic micelle control. This is the natural result
when water-reactive material precursors are added directly to a micelle solution and are
hydrolyzed in situ. This coupling of materials chemistry to micelle kinetic-control has thus
limited the mass ranges of material added during PMT. To date, the widest PMT window
demonstrated was from M:T=1.2-2.5, a width of 1.3.62 Furthermore, some material
precursors like TTIP for titania react slowly in PMT solutions, requiring 24 hrs of sol
growth when in the presence of coordinating PEO. Here we resolve both challenges using
an ex situ sol approach where material precursors are hydrolyzed to grow a suitable sol
before addition to a micelle solution. This ex situ approach enables a much broader range
of achievable material loadings while maintaining PMT control. Also, parallel batching is
shown to be feasible with as many as 26 M:T conditions prepared within 3 hrs. Such highresolution series enable angstrom level precision tuning. Lastly, we note that this is also
the first PMT demonstration for TiO2. The implications of this precision controlled TiO2
upon crystallite size and electrochemical lithiation are detailed.
3.3. EXPERIMENTAL METHODS
MATERIALS
Methanol (MeOH, 99.8%, Fisher) was dried at room temperature by storage over
30% w/v of molecular sieves (3Å, 8-12 mesh, Acros Organics) for a week. Concentrated
hydrochloric acid (HCl, 37%w/w, ACS grade, VWR), poly(ethylene glycol)methyl ether
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(PEO-OH, Mn = 5000 gmol-1, Aldrich), 2-bromopropionic acid (>99%, Aldrich), and 4(dimethylamino) pyridine (99%, Aldrich) were used as received. Titanium(IV)
isopropoxide (TTIP, ≥98%, Acros Organics), copper(I) bromide (99.99%, Aldrich), tris(2-dimethylaminoethyl) amine (97%, Aldrich), dry lithium perchlorate (LiClO 4, 99.99%,
Aldrich), and anhydrous propylene carbonate (99.7%, Aldrich) were used as received and
stored inside a glove box. Hexyl acrylate (96%, VWR) monomer was passed through basic
alumina column just prior to use. Chloroform (>99%, Aldrich), hexane (>98.5%, Fisher),
tetrahydrofuran (Fisher), and dimethylformamide (97%, Aldrich) were used as received.
POLYMER SYNTHESIS
Poly(ethylene oxide-b-hexyl acrylate), PEO-b-PHA, diblock copolymers of two
sizes (termed P1 and P2) were synthesized by a two-step synthesis. A Steglich
esterification of poly(ethylene glycol)methyl ether was used to form a macroinitiator,
followed by atom transfer radical polymerization (ATRP) to grow the PHA block. The
procedure is described elsewhere in detail.[1] The molar mass of PHA was determined using
a Bruker Avance III HD 300 1H NMR by comparison to the known PEO (Mn = 5.0 kg mol1

). The molar mass dispersity was characterized using a Varian gel permeation

chromatograph (GPC) equipped with a Shimadzu 20AD LC pump, three styragel columns
(HR1, HR3, HR4 in the effective molecular weight range of 0.1-5, 0.5-30, and 5-600
kgmol-1, respectively), and a Varian 390-LC refractive index detector. The GPC was
calibrated with poly(methyl methacrylate) standards (2.8, 5.0, 10.3, 27.6, 60.2, 138.6,
342.9, 625.5 kg mol-1) obtained from Polymer Laboratories. GPC samples were prepared
in THF at concentrations of 5 mgmL-1, filtered through a 0.2 μm syringe filter prior to
injection (Fig B.1, Table B.1).[2,3]
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IN SITU MICELLE TEMPLATE PROCEDURE
A micelle stock solution was prepared by dispersing 100 mg PEO-b-PHA in 10 mL
of MeOH at room temperature with gentle agitation. Concentrated HCl was added slowly
to a total of 83 μL, i.e. 0.75 wt% with respect to the total mixture (PEO-b-PHA, MeOH,
and HCl). The combined solution was sonicated using a Fisher ultrasonic bath (Cat. no.
FS-28) operated continuously at full power (225 W) and frequency of 40 kHz for 10 min
at room temperature to enable chain exchange under kinetically limited condition.[4,5] The
micelles were then divided into numerous 0.3 mL aliquots and a predetermined amount of
TTIP was added under nearly air-free conditions followed by minor agitation. These
solutions were left undisturbed for 24 hrs. After this time, the solutions were spin coated
as described in the ex situ procedure.
EX SITU PREPARATION
A sol stock solution was prepared by adding 5 mL of TTIP quickly to a rapidly
stirring ~20 mL scintillation vial containing 1.2 mL conc HCl (H2O:Ti= 3.0). Be careful as
this reaction bubbles violently for a short period and produces heat. The vial was promptly
capped after a few seconds, following the end of bubbling. After 3 min, 2 mL of MeOH
was added to dilute the sol. The use of higher water contents led to subsequent film
dewetting issues, vide supra. This ex situ sol solution was stirred rapidly for 20 min to cool
to RT before usage. The resulting sol had a light-yellow color and storage for up to 4 hrs
was not found to affect subsequent assembly.
MICELLE TEMPLATES WITH EX SITU SOL
An identical micelle stock solution as described above was divided into ~0.3 mL
aliquots in separate vials. Square glass coverslips from Electron Microscopy Sciences (9
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mm square, ~100 µm thick), silicon wafers, and FTO coated glass were used as substrates.
The samples prepared on coverglass was used for transmission SAXS measurements, those
on silicon wafers were used for GIWAXS measurements, and those on FTO were used for
electrochemical measurements. The glass and silicon substrates were cleaned by washing
with THF and IPA followed by oxygen plasma cleaning for 15 mins prior to use. FTO
coated glass substrates preparation is described separately below. A predetermined amount
of ex situ sol stock solution was added to each vial of micelle solution, followed by minor
agitation. The resulting mixture was spin coated within 5 mins. This procedure was
repeated to produce films across a range of material-to-template (M:T) ratios, where the
ratio compares the final oxide (TiO2) mass to the polymer mass. Each film was spin coated
for 30 seconds at 1500 rpm under 15%RH as described in detail elsewhere.[1,4,6,7]
Immediately after the end of spin coating, each sample was removed from the humiditycontrolled chamber and placed on a 250 ˚C hot plate for 1.5-2 hour to crosslink the oxide,
termed as “aging”. The room humidity during aging is not important to control since the
250 ˚C temperature makes any RT humidity of 0-100% become less than 1% RH at this
temperature. Aging conditions were optimized to prevent dewetting and assure higher
extent of crosslinking to survive calcination. After each film, the spin coating chamber
(Tupperware) was replaced to avoid residual solvent vapor.[1] The silicon and FTO
substrates were then calcined to 450 ˚C for 2 hrs, ramp rate of 5 ˚C/min to 250 ˚C followed
by 10 ˚C/min ramp to 450 ˚C, to remove the polymer for SEM imaging and subsequent
electrochemical measurements.
FTO SUBSTRATES FOR CYCLIC VOLTAMMOGRAM MEASUREMENTS
FTO substrates (TEC-15, Hartford Glass, CT) were rinsed and scrubbed with DI
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water and kimwipes until audibly clean, “squeaky clean,” followed by rinsing and
scrubbing with IPA wetted kimwipes again until “squeaky clean.” The substrates were then
sonicated in a soapy water bath (2g/L deconex) for 30 minutes. The water and alcohol scrub
and rinse steps were repeated as before. The resulting substrates were stored submerged in
IPA until near the time of spin coating. Just prior to coating, the FTO substrates were
removed from IPA, blown dry, and then calcined to 450 ˚C for 2 hr. After calcination, the
FTO substrates were held at 110 ˚C until spin coating. A clean area for electrical contact
was maintained by masking with high temperature Kapton tape. After spin coating and
aging as described above, the edges of the FTO substrates were cleaved to remove edge
effects[1] from spin coating (observable by changes in color along the edge). The back of
each film was engraved with identifying marks for M:T, recipe number, and film number.
The Kapton mask was then removed and the ~1 mm proximal portion of the film exhibiting
color variation (edge effects) was removed by scraping with glass. This latter step works
best prior to calcination. The final active area of each sample was imaged (13 M pixel
camera) on a centimeter grid and the area was measured using ImageJ.
X-RAY SCATTERING MEASUREMENTS
X-ray experiments were conducted using a SAXSLab Ganesha at the South
Carolina SAXS collaborative (SCSC). A Xenocs GeniX 3D microfocus source was used
with a copper target to produce monochromatic beam with a 0.154 nm wavelength. The
instrument was calibrated prior to measurements using National Institute of Standards and
Technology (NIST) reference material, 640d with peak position at 2θ = 28.44˚. A Pilatus
300k detector (Dectris) was used to collect the 2D scattering patterns with nominal pixel
dimensions of 172x172 µm. SAXS data were acquired with an X-ray flux of ~3.3 M photon
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per second upon the sample and a detector-to-sample distance of 1,040 mm. Transmission
small-angle X-ray scattering (SAXS) data were measured to observe the purely in-plane
morphology. The 2D images were azimuthally integrated to yield the scattering vector and
intensity. Peak positions were fitted using custom MATLAB software where some SAXS
measurements were reported as the average ± standard error-of-the-mean. Grazing
incidence wide-angle X-ray scattering (GIWAXS) measurements were conducted with an
incident angle (αi) of 8° relative to the incident beam. The GIWAXS sample-to-detector
distance was 112.1 mm with an X-ray flux of ~39.2 M photon per second upon the sample.
The instrumental broadening factor was fitted as a Gaussian point spread function with
FWHM of 0.0198 nm-1 that smeared the NIST instrument-independent FWHM to those
measured with our instrument configuration.[8] The same Gaussian point-spread function
was utilized to interpret scattering data as a result of grain-size broadening per the Scherrer
formula.[9]
SEM
Top-view images of calcined films were acquired with a Zeiss Ultraplus thermal
field emission SEM using an accelerating voltage of 5 keV and an in-lens secondary
electron detector. The working distance was maintained at ~3 mm and constant
magnification of 300k. At least one hundred pore diameters were measured for each sample
to derive statistical metrics. The micelle-to-micelle spacing (dm-m) was determined using
close packed directions with more than 10 micelles in a row for each measurement. These
measures were conducted in numerous directions on numerous images to yield an average
value. The wall-thickness was measured at sites between micelles as the diameter of an
inscribed circle (Fig B.2). Pore size and wall-thickness data are presented as average values
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with the standard error-of-the-mean.
DLS MEASUREMENTS
The hydrodynamic diameter of micelles templates in solution as a function of
material-to-template ratio, as well as ex situ sol particles size were measured using dynamic
light scattering (DLS). Aliquots of 2 mL were filtered through 0.2 μm syringe filters into
quartz cuvettes and tightly sealed. Measurements were performed using a Zetasizer
Nanoseries ZEN3690 instrument. For particle sizes, measurements were taken
immediately upon reacting and at subsequent times thereafter. Measurements were run at
25 ˚C with 5 min thermal equilibration time prior to each 5 min acquisition. The data for
micelle size were analyzed using pure MeOH refractive index as it comprised nearly 90%
of the solution composition (Fig B.9B). Particle sizes were analyzed using a solvent
mixture viscosity of 1.185 cP and refractive index (RI) of 1.350 calculated using MeOH,
and IPA values and the mole fraction.[10–12] Data were fit with a log-normal distribution
corresponding to the mean and standard deviation (Fig B.2 and Table B.2).
GEOMETRIC SAXS MODELING
Geometric models[1,4] were used to predict and interpret SAXS d-spacing as well as
the pore and wall dimensions. A micelle core template model (MCT) was used since
material precursors were recently found to suppress the crystallization of a PEO corona
block, indicating integration of the corona into the material volume where only the core
block contributes directly towards the final pore size.[1] It was previously established that
SEM measures of pore size are a suitable proxy for the micelle core dimension. A log-log
coordinate system was used with SAXS data alone to identify the M:T range that was
consistent with PMT lattice expansion.[4] Here a log(d-spacing) vs log(M:T) plot should
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have a slope of 1/3 for persistent micelles. The resulting constrained M:T range was first
fitted for the d-spacing trends using the average pore diameter measured by SEM and the
independent fit parameters β and γ were refined using least-squares minimization, where β
is a convolved density term. The scalar (S) establishes the relationship between SAXS
measurements and real-space data. SEM measurements of wall-thickness were well fitted
using a power law relationship with a single fit parameter ε (See SI 2.0). The model and
resulting fit parameters enabled interpretation of individual measured SAXS data to the
corresponding pore and wall dimensions.
MASS SPECTROMETRY FOR ELECTROCHEMICAL MASS NORMALIZATION
A series of films prepared on FTO substrates were cut to ~1 cm2 of the TiO2 coating
and imaged for area measurement in the same manner stated previously. These films along
with FTO blanks were heated in 1:3:0.05 mL of nitric acid, HCl, and HF respectively at
180 ˚C for 6 hours before solutions were diluted with water to 50 mL volume and measured
using a Thermo-Finnigan Element XR ICP-MS. The instrument was calibrated using a
range of concentration spanning those of the measured samples. The resulting mass data
were used to generate a mass-per-area calibration curve for each M:T condition (Figure
B.4).
ELECTROCHEMICAL ANALYSIS
Electrochemical measurements were conducted using a three-electrode setup with
a BioLogic SP-150 potentiostat. All measurements were performed in an argon-filled
glovebox. The working electrodes were porous TiO2 prepared using micelle templates and
ex situ sol with FTO substrates. All potentials are reported vs the Li/Li+ reference electrode.
The counter electrode was also lithium foil. All lithium foils were scraped clean just prior
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to immersion in electrolyte. The electrolyte solution was 1.0 M LiClO 4 in propylene
carbonate. The preparation started with a 20 min hold at 1.5 V followed by 20 sweeps from
1.5-2.5V at 10 mV/s to remove trace water. Linear sweep voltammetry measurements were
then conducted at 1 mV/s sweep rate from 1.5-2.5 V with a 15 min hold at each cutoff
voltage. The capacity of each TiO2 phase was estimated by integrating the total charge
passed from 1.5-1.8 V attributed to TiO2(B) and that from 1.8-2.5 V attributed to anatase.
The mass per area of each sample was determined using mass spectrometry and a fitted
calibration curve (see Mass Spectrometry section). The area of each sample was
determined using a photograph of each sample upon a known grid using ImageJ for
dimension measurements.
3.4. RESULTS AND DISCUSSION
THE PERSISTENCT TRAJECTORY
An ideal synthesis for tunable and predictable nanomaterials would simply involve
mixing reagents. Prior PMT demonstrations were in this vein where water-reactive material
precursors were added directly to micelle solutions. However, the ensuing hydrolysis of
these precursors consumes the water needed for PMT-control. This resulted in a strong
coupling of material additions to a loss of micelle kinetic control and ultimately limited the
range of material mass added under PMT-control (“PMT window”).57,62 Simply adding
additional water does not resolve this challenge where film dewetting is exacerbated and
subsequent water phase separation can lead to uncontrolled porosity.62 The persistence
trajectory concept is shown graphically in Scheme 3.1 where in situ hydrolysis leads to a
fixed and steep trajectory for water depletion with each material addition. Prior PMT
demonstrations showed that the PMT window could be expanded with cumbersome water
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additions mid-titration.60 In contrast, this coupling could hypothetically be eliminated by
hydrolyzing material precursors as a separate preliminary step. This concept, termed ex situ
hydrolysis, would thus rather add a prehydrolyzed sol to the micelle solution and
significantly decouple material additions from micelle kinetic control (Scheme 3.1). Using
ex situ hydrolysis should enable an improved persistence trajectory with an expanded PMT
window. Improvements to the range of architecture tuning enable broadened investigations
of nanostructure-dependent properties.
Scheme 3.1. Effect of Water Content with Different Sol Processing Methodsa

a

In situ preparation adds TTIP directly to a kinetically trapped polymer solution. The
resulting hydrolysis quickly depletes the water barrier to chain exchange between micelles.
In contrast, ex situ hydrolysis places the TTIP hydrolysis separate from the micelle
solution, largely decoupling kinetic micelle control from material additions.

MICELLE TEMPLATES WITH IN SITU HYDROLYSIS
A PMT film series was prepared using in situ hydrolysis of TTIP to produce
mesoporous TiO2 films. Film dewetting from the substrate was a significant challenge
where excessive water yielded too hydrophilic of solutions that dewetted during spin
coating or subsequent thermal aging (Figure B.5). Similarly, insufficient water did not
enable micelle kinetic control due to chain exchange (Figure B.6). Thus aqueous methanol
was used to provide a barrier to chain exchange62 while also quickly evaporating. A starting
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solution water content of 0.75 wt% was rigorously optimized for processing without film
dewetting. Another challenge with in situ hydrolysis is that the sol nanoparticle formation
kinetics are hampered by the PEO association.69 The time for production of a suitable sol
was investigated where an optimum of 24 hr in situ sol reaction was determined. Shorter
sol reaction times led to disordered films (Figure B.7), presumably due to either 1)
incomplete hydrolysis of TTIP, yielding molecular precursors that have insufficient
hydrogen bonding with PEO, or 2) limited condensation leading to an excessive number
of nanoparticles beyond the number of hydrogen bonding PEO ethers. This slow 24 hr
processing, however, prevented the use of our convenient one-pot titration methodology,57
so a parallel synthesis approach was adopted. Here, a stock solution of kinetically trapped
micelles was divided into separate vials where a predetermined amount of TTIP was added
to each, followed by a 24 hr sit and finally spin coating as described in the experimental
section.
We first present a representative sample before detailing a sample series. Figure 3.1
presents typical SAXS and SEM data for a sample prepared from polymer P1 using in situ
hydrolysis and a material:template ratio of 1.60, termed “P1-in-1.60.” The SAXS data
exhibit a predominant scattering peak at q*=0.21 nm-1 with a weak shoulder near 0.38 nm1

(Figure 3.1a). The very limited number of diffraction peaks makes symmetry

interpretation equivocal and regardless the pattern is not consistent with extensive longrange order. The diffraction pattern is also consistent with prior reports of random micelle
packing with significant disorder, analogous to a paracrystal.70 The SEM image shown in
Figure 3.1b exhibits the pores as dark (prior location of micelles) and titanium dioxide
appears bright. The SEM morphology exhibited short-range ordering with both 3-fold and
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4-fold symmetric regions, suggestive of a cubic morphology. The significant extent of 4fold symmetry suggests significant (100) texture, such as is often noted for body centered
cubic arrangements (BCC).71 However, interpretation of the structure as BCC leads to a
~28% mismatch of the unit cell dimensions determined by SEM (a~36.2 ± 0.8 nm) vs
SAXS (q110=0.21 nm-1, a=42 nm). Similarly, a hypothetical face centered cubic (FCC)
interpretation yields poor agreement of SEM (a~87.3 ± 2.6 nm) and SAXS (q111=0.21 nm1

, a=51 nm) dimensions. Close packed colloidal systems are well known to form random

hexagonal close packed structures where stacking faults broaden and shift diffraction
peaks.71 Regardless, the combination of SAXS and SEM data are most consistent with a
short-ranged paracrystalline morphology with significant disorder. SEM images were
measured to statistically quantify the pore size and wall-thickness with more than a hundred
measurements. Here the average pore size was determined to be 17.9 ± 0.2 nm with a
standard deviation of 1.6 nm and the wall-thickness was determined to be 14.7 ± 0.1 nm
with a standard deviation of 1.4 nm (Table B.3).

Figure 3.1. SAXS (a) and SEM (b) data of sample P1-in-1.60. The momentum transfer was
calculated as q = 4πsin(θ)/λ, where λ is wavelength and 2θ is the total scattering angle. The
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inset in (a) is the isotropic 2D SAXS pattern with color corresponding to the log-scale of
X-ray intensity. The fast Fourier Transform is inset in image (b).

A series of films were prepared with different amounts of material added to micelle
templates to identify the PMT window for kinetic control. This in situ sample series
exhibited a monotonic progression of the principle SAXS peak to lower q, corresponding
to an expanding lattice upon material addition (Figure B.8). A geometric SAXS model was
developed to predict and compare the SAXS trends for PMT series57 using minimal realspace input from electron microscopy. This modeling approach was recently extended to
enable analysis of sample series for consistency with the expected PMT lattice expansion
using SAXS data alone within a log(d-spacing) vs log(Material:Template ratio) coordinate
space.62 This log-log plot (Figure 3.2a) should follow a slope of 1/3 within the PMT
window. The sample series followed the expected slope of 1/3 (R2 = 0.91) from the lowest
M:T=1.60 until M:T~2.95, identifying the PMT window. Samples with higher M:T values
departed from this trend, indicative of a transition to dynamic micelles as a result of
excessive water loss to hydrolysis, enabling chain exchange (Figure 3.2b). Persistent
micelle templates yield sample series with constant pore dimension and variable wallthickness, whereas dynamic micelles couple both dimensions to free energy
minimization.57 The PMT window (M:T=1.6-2.95) identified by SAXS was also supported
by independent SEM measurements with nearly constant pore size and increasing wallthickness (Figure 3.3, 3.2c, Table B.3). These data were used to achieve a best fit for the
paracrystalline PMT SAXS model (fit parameters in Table B.4). The pore size was also
determined by using these fit parameters to interpret individual SAXS measurements
(Figure 3.2c blue points). The average pore sizes were relatively constant until a marked
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increase at M:T 3.0 by 0.2 nm as measured using SEM. The average wall-thickness was
similarly measured from SEM data and interpreted from SAXS data using the model
(Figure 3.2d). The nominal wall-thickness was tunable from 14.5-16.5 nm. Thus, PMT
with in situ hydrolysis had kinetic control from M:T=1.6-2.95, a modest PMT window
width of 1.35 that is similar to prior demonstrations.
TEMPLATES WITH EX SITU HYDROLYSIS
An ex situ hydrolysis method was developed to relax the coupling of materials
chemistry to micelle control. The hypothesis is that prehydrolysis will flatten the
persistence trajectory and enable extended micelle kinetic control (Scheme 3.1). The early
stages of materials chemistry development again identified film dewetting as a challenge.
The same 0.75 wt% water content was used for these micelle solutions and the water
content of the ex situ sol was examined. The use of water:metal ratio of 4.0 led to film
dewetting, consistent with excess water being present. The stoichiometry for complete
hydrolysis without condensation would fully consume a water:metal ratio of 4.0. However,
the observed film dewetting there indicates excess water in that sol. This excess water could
either be due to incomplete hydrolysis or due to condensation reactions that release water.
The TTIP used here under acidic conditions and without chelating agents is expected to
undergo rapid hydrolysis and slow condensation, hindered by coulombic repulsion.72 Thus
the ex situ sol was examined with a reduced water:metal ratio of 3.0 so that a fraction of
the TTIP was not initially hydrolyzed and was available to subsequently consume the
limited water released by condensation. This optimized ex situ sol was found to yield
homogeneous films without dewetting. Lastly, the addition of this sol to persistent micelle
solutions did not lead to a loss of persistency until very high M:T loadings, indicating that
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Figure 3.2. Analysis of films with
micelle templates after in situ TiO2
addition with P1. The SAXS peak
positions were converted to dspacings and were plotted in a log-
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log coordinate space to identify
consistency with PMT model when
the slope is 1/3 (a). The identified
PMT region was fit with a SAXS
model (b). Average pore size (c) was
calculated from the SAXS model
and compared to independent SEM
measurements.
Average
wall
thickness (d) was calculated from the
SAXS model and compared to
independent SEM measurements.
Error bars correspond to the standard
error-of-the-mean.

Figure 3.3. SEM images of series P1-in in order of increasing material:template ratio: 1.6
(a), 2.0 (b), 2.3 (c), 2.9 (d), 3.0 (e).

the extent of hydrolysis was nearly complete with the water:metal ratio of 3.0. The resulting
sol was found to reproducibly lead to well-ordered nanostructures when the sol was used
within 4 hrs of preparation. DLS measurements of the ex situ sol over a 24 hr period
indicated a relatively constant size of 7-9 nm over this period (Figure B.2, Table B.2).
Aliquots of this ex situ hydrolyzed sol were added to portions of micelle solutions with
varying ratios. The use of parallel solution processing enabled film series with high
throughput e.g. 26 M:T conditions were prepared in 3 hrs.
The films prepared with ex situ hydrolyzed sol were analyzed similarly with SAXS
and SEM. The general SEM and SAXS characteristics were largely similar to the in situ
series, albeit with a lesser degree of ordering apparent by SEM (Figure 3.4, 3.5, B.9). This
is consistent with recent examples of micelle assembly with preformed nanoparticles that
generally result in rougher interfaces and a lesser degree of symmetry due to retention of
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the starting nanoparticle shape.36,54,73–76 The trends in SAXS d-spacing were analyzed using
the described log-log coordinate space (Figure 3.4a). The samples followed a slope of 1/3
from 1.6≤M:T≤4.0, consistent with PMT lattice expansion. Samples with lower M:T values
curiously exhibited expanded d-spacings (Figure B.10a). DLS measurements on those
solutions confirmed that the nominal micelle size distribution in solution was not affected
by the addition of titania sol (Figure B.10b). Subsequent SEM imaging of these low-M:T
films exhibited an increasing pore size with decreasing M:T (Figure B.10c), indicating that
sparse walls are unable to prevent dynamic chain exchange between micelles during the
film aging step. The samples within the PMT window were well fitted with the geometric
SAXS model (R2 = 0.89). The resulting fit parameters are shown in Table B.5. Independent
SEM measurements of pore size and wall-thickness indicated a relatively constant pore
size of 17.6 ± 0.1 nm with expanding wall-thickness for 1.6≤M:T≤4.0 (Figure 3.4c, d,
Table B.6). The wall-thickness was tunable from 14.5-18.5 nm over 25 samples,
corresponding to a 1.6 Å precision of wall tuning. Sample P1-ex-4.1 exhibited a statistically
significant 0.8 nm increase in pore size (Figure 3.4c). Similarly, the best-fit geometric
model was used to extract pore and wall dimensions from individual SAXS data, shown
on Figure 3.4c, d. These SAXS interpretations are similar to those obtained by SEM except
for samples after the PMT exit point, attributed to breaking the assumption of constant
structure factor upon appreciable chain exchange between micelles. The demonstrated ex
situ PMT window enabled lattice expansion to the point where the pores approach
becoming disconnected from each other and the films would be of little practical utility for
applications. For example, see sample P1-ex-4.2 (Figure B.11). This ex situ approach is
thus shown to enable nearly the full gamut of useful nanostructure tuning from sparse walls
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to disconnected pores. The ex situ hydrolysis approach thus enables a significantly
broadened PMT window from M:T=1.6-4.0. This ex situ PMT window width of 2.4 is the
widest PMT window to date and is 1.8x wider than all prior PMT windows.
NANOSTRUCTURE-DEPENDENT CRYSTALLITES AND ELECTROCHEMICAL
PERFORMACE
The systematic ex situ PMT series was analyzed in terms of crystallite size and
phase. A separate polymer P2 was used to produce series P2-ex (Table B.1). The PMT
window was similarly identified to span from 1.6-3.8 for this slightly lower molar mass
polymer (Figure B.12, B.13, Table B.7, B.8). GIWAXS patterns were acquired within the
PMT window, with average SEM wall-thickness spanning from 14.8-18.8 nm (Figure
3.6a). In all cases, the GIWAXS diffraction patterns were consistent with anatase titania
(PDF#75-1537). Scherrer analysis was performed to extract the average crystallite
dimensions resulting from variable nanoscale confinement (Figure 3.6b). The crystallite
size was found to increase monotonically with wall-thickness, reaching a maximum
dimension of ~11.0 nm. A sample prepared analogously without block polymer led to a
similar average crystallite size of 11.0 nm, indicating the diffusion limit for crystal growth
under these conditions. The wall-thickness for each M:T was approximately twice the
crystallite size. The crystallite growth was thus tunable via micelle confinement.
Electrochemical lithium intercalation revealed that all samples contained multiple
titania phases with systematic electrochemical trends. A typical cyclic voltammogram is
shown in Figure 3.7a. The anodic sweep includes a peak near ~1.6 V vs Li/Li+
corresponding to a bronze (TiO2(B)) phase and another peak near ~2.1 V corresponding to
the well-known anatase phase. TiO2(B) is a metastable and naturally occurring77,78 TiO2
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Figure 3.4. Analysis of films with
micelle templates using ex situ TiO2
addition with P1. SAXS peak positions
were converted to d-spacings and
plotted in a log-log coordinate space to
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identify PMT model consistency when
the slope is 1/3 (a). The identified PMT
region was fit with the SAXS model (b).
Average pore size (c) was calculated
from the SAXS model and compared to
independent
SEM
measurements.
Average wall thickness (d) was
calculated from the SAXS model and
compared to independent SEM
measurements. Error bars correspond to
the standard error-of-the-mean.

Figure 3.5. SEM images of series P1-ex in order of increasing material:template ratio: 1.6
(a), 2.0 (b), 2.3 (c), 2.7 (d), 3.0 (e), 3.4 (f), 4.0 (g), 4.1 (h).

Figure 3.6. GIWAXS of series P2-ex after calcination to 450 ˚C compared to Anatase
(PDF#75-1537) and TiO2(B) (PDF#35-0088) (a). The average grain size was calculated
using Scherrer analysis after correcting for instrumental broadening and plotted in a loglog coordinate space (b). Grain size was fit with a trend line having 1/3 slope, consistent
with the PMT model.
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polymorph with lower density than anatase, rutile, or brookite.78,79 A prior study showed
that a similar sol-gel chemistry can result in pure TiO2(B) phase when confined within a
SiO2 matrix.80 Prior reports of TiO2 from micelle templates also found mixtures of anatase
and bronze phases81–83 where it was reported that the bronze crystallites were smaller than
those of the anatase phase.84 This latter feature would explain why the TiO2(B) found here
was “x-ray amorphous,” without clear diffraction spots for such few nm
crystallites.79,81,82,85–90 For the P2-ex PMT sample series, the total specific capacity
exhibited a linear increase with the M:T ratio from 531.4 ± 2.3 to 799.6 ± 39.4 C/g
(R2=0.92, Figure 3.7c). TiO2(B) was anticipated to have a high lithiation capacity91 of
x=1.0 in LixTiO2, corresponding to 1206 C/g,92 with experimentally realized values up to
x~1.3.93 TiO2(B) is also known to exhibit intercalation pseudocapacitance81,94 of interest
for high-rate energy storage applications. For comparison, anatase often exhibits a
lithiation capacity of x=0.5, corresponding to ~600 C/g.95 Measured lithiation capacities
for anatase are sensitive to rate and dimension,36,95,96 reaching up to x=1.0 for 7 nm
crystals.97 Lastly, anatase is also known to exhibit pseudocapacitive behavior that is
sensitive to the specific surface area.36 For the presently studied samples, the
electrochemical capacities of the bronze and anatase phases were estimated using a
threshold of 1.8 volts vs Li/Li+ (Figure 3.7b) to deconvolve their contributions. Thus, the
total capacity corresponded to an anatase capacity that linearly increased with M:T ratio
from 369.8 ± 5.5 to 633.3 ± 39.4 C/g (R2=0.91) with a nearly constant TiO2(B) capacity of
~178.7 ± 5.3 C/g (Figure 3.7c). Please note that these values are all normalized by the total
TiO2 mass, not the respective mass of each phase. The total lithiation capacity thus
increased linearly with M:T from x=0.44 to x=0.66 in LixTiO2, corresponding to 530-800
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C/g respectively (Figure 3.7d, Table B.9). Thus, the samples spanning the PMT series had
a remarkably large ~50% variation in specific lithiation capacity. This increasing lithiation
capacity with M:T is not explainable with a surface capacitive trend since the specific
surface area decreased at the same time. These specific surface areas were estimated using
the PMT geometric model (See Appendix B, Table B.10) to range from 129 m2/g
(M:T=1.6) to 56 m2/g (M:T=3.7). These capacity trends are not consistent with the simple
mixing of different phase fractions. These capacity trends are also not consistent with
known size-dependent trends for anatase36,96–99 or bronze78 phases alone where lithiation
capacity(x) typically decreases with increasing crystallite size. The seemingly opposite
behavior observed here may be due to discord between the anatase and bronze phases as a
nanoscale mixture. Anatase experiences considerable strain upon lithiation, undergoing
phase changes and a ~3.3-3.5 vol% expansion depending on the final phase.97 Choi argued
that smaller crystallites generate larger stress gradients and exhibit yet greater volume
expansion upon lithiation.100 In contrast, bronze TiO2 starts as a less dense crystal structure
that experiences a ~2-3 vol% expansion upon lithiation (1.5-2.5 V vs Li/Li+).93 TiO2(B)
lithiation strain is often reported to be lesser than that of anatase101,102 although values
exceeding 10 vol% have been observed with wider voltage windows.93 The combination
of this lithiation strain mismatch and the size dependent strain of anatase can explain the
trends observed here: the strain mismatch is reduced with larger crystallite sizes. This
hypothesis explains how monotonically larger anatase crystallites could stepwise increase
their extent of lithiation when constrained by neighboring bronze crystallites. We note that
each phase has a distinct anisotropic and voltage-dependent distortion that could inhibit
lithiation.93,97 Further detailed analysis is outside the scope of this synthetic investigation.
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The thickness of the porous films was estimated to be between 25-40 nm based upon the
measured film masses (Table B.11). Lastly, we note that the authors of prior bronze/anatase
mixtures produced with micelle templates described difficulty in reproducing consistent
phase fractions,81,82 perhaps due to variation of the micelle confinement. Here PMT, based
upon kinetic control, enables remarkably reproducible and homogeneous nanomaterials.57
This is the first systematic TiO2 nanomaterial series where tunable polymer confinement
leads to controlled crystallization of anatase-bronze mixtures with systematic
electrochemical lithiation trends.

Figure 3.7. Linear voltammetry sweeps of P2-ex sample series (a). The relative capacity of
the bronze (B-phase) and anatase phases were determined by integrating the charge passed
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within voltage thresholds (b). The resulting electrochemical Li+ capacities are plotted
verses the Material:Template ratio (c). The lithium content from the total electrochemical
Li+ capacities was plotted versus the Material:Template ratio (d). A sample with M:T = 1.6
was used as the representative sample in (b). The three-electrode measurements were
carried out at 1 mV/s in 1.0 M lithium perchlorate in propylene carbonate and used lithium
foil for both the counter and reference electrodes. All data are presented normalized to the
total TiO2 mass and the error bars correspond to the standard error-of-the-mean.

3.5. CONCLUSIONS
Previous PMT approaches added water-reactive material precursors directly to
micelle solutions, leading to depletion of the water needed for kinetic control of micelles.
An ex situ hydrolysis method was developed to decouple material additions from kinetic
micelle control. This novel ex situ hydrolysis method for TiO2 enables markedly faster
processing with as many as 26 M:T conditions prepared within 3 hrs. For comparison, an
analogous in situ route was shown to require 24 hrs for sol formation alone. The ex situ
approach enabled the widest PMT window to date with tunable materials nearly spanning
the full gamut of wall dimensions from sparse, thin walls to walls thick enough for pore
isolation. The confinement imposed by the resulting nanostructures monotonically affected
the subsequent anatase crystallite size and the electrochemical lithiation attributed to sizedependent strain mismatch of anatase and bronze polymorph mixtures. These results
highlight how systematic series of tuned nanomaterials can enable investigations of
nanostructure-dependent properties.
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CHAPTER 4
PERSISTENT MICELLE TEMPLATES OF TIN OXIDE1

___________________________
1

Lantz, K. A.; van den Bergh, W.; Circillo, S.; Stefik, M. In Preparation.
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4.1 INTRODUCTION
Control over nanoarchitectures and material dimensions has been shown to exhibit
remarkable handles over tuning of properties. Once such example is electrochemical
devices where these intercalation length scales greatly influence reaction mechanisms.1–9
Significant progress has been realized utilizing block copolymer self-assembly affording
well-defined nanomaterials spanning a range of morphologies and dimensions.10,11,20–28,12–
19

There however remains a need for “materials by design” approaches that allow for

predictable, systematic, and tailored architectures. An inherent challenge with these
equilibration based approaches is that all architectural dimensions are subject to the whims
of free-energy minimization.29 Thus equilibrium processing couples changes to the pore
size30 and wall-thickness.31,32
Persistent micelle templates (PMT) has been utilized to realize isomorphic sample
series with independent control of each feature sizes, such as, wall-thickness and pore size.
30,33–35

PMT relies on kinetic-control where micelle chain exchange is suppressed for

constant micelle diameter (template), whereby addition of variable amounts of material
leads to tunable wall-thickness. This equilibrium micelle diameter is determined by
thermodynamic contributions due to chain stretching entropy and interfacial enthalpy, as
well as additional terms. In contrast, the actual micelle diameter is a function of the
processing history. For instance, single chain exchange (SCE) has been found to have an
exchange rate that scales with a double exponential dependence on χN,36–39 where the χ
term is an enthalpic parameter corresponding to the energy required to form and interface
between the core block and the solvent phase. Sufficiently high-χN conditions enable PMT
where water content and solvent selection maintain an energetic barrier to chain
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exchange.35
All previous PMT demonstrations utilize concentrated acid as the water source for
chain suppression.30,33,35,40 This synthetic design limits the precursors available for
templating purposes, where having acidic micelle solutions leads to solubility issues and
hampers crystallite growth. This is particularly common with metal halide precursors,
which are generally cheaper alternative to the corresponding alkoxide. This work looks to
translate the tunable series afforded by PMT to a novel material, SnO2, where alkoxide
precursors are costly. Current experiments are working on modification of the water source
from traditional acidic conditions to a more neutral system to overcome solubility
challenges. This project looks to ultimately synthesize a predictable series of SnO2 for
enhanced battery applications.
4.2 EXPERIMENTAL METHODS
MATERIALS
Poly(ethylene glycol)methyl ether (PEO-OH, Mn = 5000 gmol-1, Aldrich), 2bromopropionic acid (>99%, Aldrich), and 4-(dimethylamino) pyridine (99%, Aldrich),
concentrated ammonium hydroxide (NH4OH, 28-30% solution, VWR) were used as
received. Methanol (MeOH, 99.8%, Fisher) was dried by storage over 30% w/v of
molecular sieves (3Å, 8-12 mesh, Acros Organics) for at least one week. Anhydrous tin
(II) chloride (SnCl2, ≥98%, VWR), anhydrous tin (IV) chloride (SnCl4, ≥98% VWR),
copper(I) bromide (99.99%, Aldrich), tris-(2-dimethylaminoethyl) amine (97%, Aldrich)
were used as received and stored inside a glove box. Hexyl acrylate (96%, VWR) monomer
was passed through an alumina column just prior to use. Chloroform (>99%, Aldrich),
hexane (>98.5%, Fisher), tetrahydrofuran (Fisher), and dimethylformamide (97%,
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Aldrich), and distilled water were used as received.
POLYMER SYNTHESIS
A poly(ethylene oxide-b-hexyl acrylate), PEO-b-PHA, diblock copolymer was
synthesized using a two-step synthesis with a Steglich esterification of poly(ethylene
glycol)methyl ether, followed by atom transfer radical polymerization (ATRP) as
described elsewhere in detail.30 PEO454-b-PHA81 where the subscripts denote degree of
polymerization, was synthesized from the PEO macroinitiator (Mn = 5 kgmol-1, Ð = 1.06).
The molar mass of PHA growth was determined using a Bruker Avance III HD 300 1H
NMR by comparison to the known PEO (MnPHA = 12.6 kgmol-1, Mntotal = 17.6 kgmol-1).
The molar mass dispersity (Ð) was characterized using a Varian gel permeation
chromatograph (GPC) equipped with a Shimadzu 20AD LC pump, three styragel columns
(HR1, HR3, HR4 in the effective molecular weight range of 0.1-5, 0.5-30, and 5-600
kgmol-1, respectively), and a Varian 390-LC refractive index detector. GPC calibration was
done with poly(methyl methacrylate) standards (2.8, 5.0, 10.3, 27.6, 60.2, 138.6, 342.9,
625.5 kgmol-1) obtained from Polymer Laboratories. GPC samples were prepared in THF
at a concentration of 5 mgmL-1 and filtered through a 0.2 μm syringe filter prior to injection
(Ð = 1.13).
SOL STOCK PREPARATION
Two sol stock solutions were prepared using SnCl2 and SnCl4 by adding the
chloride precursor (0.8 g SnCl2 or 0.36 mL SnCl4) to a rapidly stirring ~20 mL scintillation
vial containing 4 mL MeOH, followed by 0.4 mL distilled water (H2O:Sn of 5.3 for SnCl2
and 7.2 for SnCl4). Be careful as the SnCl4 solution bubbles violently for a short period and
produces heat. The vials were promptly capped for 5 mins followed by addition of 2M
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NH4OH, both solution turn turbid white upon solution addition and are stirred for 30 mins
until clear (OH:Sn of 1.2 for SnCl2 and 32.7 for SnCl4). The use of higher NH4OH contents
led to insolubility of the tin, vide supra. The resulting sol is clear and colorless and storage
for up to 24 hrs was not found to affect subsequent nanoparticle sizes for both sol solutions.
MICELLE TEMPLATE PREPARATION
A micelle stock solution was prepared by dispersing 100 mg PEO-b-PHA in 10 mL
of MeOH at room temperature with mild agitation. Distilled water was added slowly to a
total of 83 μL, i.e. 0.80 wt% with respect to the total mixture (PEO-b-PHA, MeOH, and
H2O). Varying water amounts led to insolubility of the sol solution upon addition (too much
water) or loss of micelle kinetic control (too little water). The combined solution was
sonicated using a Fisher ultrasonic bath (Cat. no. FS-28) operated continuously at full
power (225 W) and frequency of 40 kHz for 10 mins at room temperature, this enables
chain exchange under kinetically limited condition.35,41 The micelles were subsequently
divided into numerous 0.5 mL aliquots and sol stock was added under nearly air-free
conditions followed by inversion.
MICELLE TEMPLATES
Square glass coverslips from Electron Microscopy Sciences (9 mm square, ~100
µm thick) and silicon wafers were used as substrates. The samples prepared on coverglass
were used for transmission SAXS measurements while those on silicon wafers were used
for GIWAXS measurements. The glass and silicon substrates were cleaned by washing
with THF and IPA followed by oxygen plasma cleaning for 15 mins. A predetermined
amount of sol stock solution was added to each vial of micelle solution, followed by gentle
inversion. The resulting mixture was spin coated within 2 mins. This procedure was
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repeated to produce films across a range of material-to-template (M:T) ratios for both sol
solutions, where the ratio compares the final oxide (SnO2) mass to the polymer mass. Each
film was spin coated for 30 seconds at 1500 rpm under various relative humidity settings,
settling on 15%RH as described in detail elsewhere.30,34,35,42 Immediately after the end of
spin coating, each sample was removed from the humidity-controlled chamber and either
placed in the SAXS and measured as made, or placed on a 200 ˚C hot plate for 2 hours to
crosslink the oxide, termed as “aging”. The room humidity during aging is not a controlling
factor since the 200 ˚C temperature makes any RT humidity of 0-100% become less than
1% RH. Aging conditions were optimized to prevent structure loss and assure higher extent
of crosslinking to survive calcination. The spin coating chamber (Tupperware) was
replaced after each coating to avoid residual solvent vapor.30
4.3 RESULTS AND DISCUSSION
Hydrolysis of tin chloride precursors yielding the condensed oxide and
hydrochloric acid is far from simple, involving various coupled hydrolyses and
condensation ratios as well as aggregation and gelation of the tin oxide species.43–45 While
studies of several metal ion sol-gel reactions are very well established in literature,46 tin
chloride reactions and mechanisms are poorly understood and scarce in literature. This lack
of understanding is mainly due to the combination of each elementary step with varying
reaction rates coupled with small shifts in equilibrium to result in drastic changes in
reaction conditions and precursor solubility.47,48 General synthetic schemes utilizing tin
chloride precursors for subsequent template purposes require extensive solvent mixtures,
time and temperature solution aging steps, and have not examined the effect imposing
micelle kinetic control may have on the sol system.44
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Two sol stock solutions were prepared using SnCl4 and SnCl2 to try and produce
mesoporous SnO2 films. Solubility of the sol stock upon addition of NH4OH was a
significant challenge, where excess yielded insoluble oxide and no base does not allow for
particle growth (Figure 4.1). These results revealed that when no base is present precursor
solubility is not obtained until after 1 hour of stirring and then no growth is observed up to
4 hours later. However, when a base stabilized sol is used particle growth is observed after
only 10 mins and no aggregation or growth is seen after 24 hours, consistent with
literature.44 Once sufficient particle growth was obtained, the addition of the sol to
kinetically trapped polymer solution was optimized. This was a challenging task as all
previous PMT examples utilized concentrated HCl as the water source for kinetic
entrapment,30,33,35,40 however this method shifted the solution pH and limited the solubility
of the sol solution, leading to precipitation. Subsequent experiments examined the effects
of varying acidic, basic, and neutral conditions in the polymer solution with addition of
each sol solution to yield the most stable templating solution being a neutral micelle
solution containing ~0.80 wt% water, with addition of the SnCl2 sol solution resulting in
longer bench stability (> 5 mins) and higher available loadings before precipitation.

Figure 4.1. DLS measurements of sol over time with (a) no base, (b) SnCl2 with base, and
(c) SnCl4 with base. Data are offset vertically for clarity.
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After narrowing in on optimal solution combinations, spin coating humidity and
aging optimization was examined. A relative humidity series was done for solutions
containing each sol stock to establish optimal humidity settings of 15 %RH for SnCl 2 and
~50 %RH for SnCl4. At this point, aging conditions were explored to allow for the highest
extent of crosslinking for surviving post-assembly calcination and crystallization while still
maintaining an ordered structure. The ideal temperature was determined to be 200 ˚C for 1
hour, this temperature allowed for retention of structure throughout extended aging and
afforded bench stable films for up to 1 week, exhibiting sufficient crosslinking. This aging
condition was explored for crystallization using the SnCl4 sol solution to obtain cassiterite
SnO2 (Figure 4.2) and exhibited the same SAXS shoulder suggestive of structure retention
and further supporting the defined aging conditions.
Once optimization for spin coating conditions was established, an M:T series was
prepared using the SnCl2 sol due to better stability of the templating solution (Figure 4.3).
Typical PMT recipes produce systematic series that are reproducible between from day to
day and across films. Additionally, a series with increasing material additions would cause
a shift to higher d-spacing until persistency was lost. The d-spacing trends would follow
the developed PMT model exhibiting a slope of 1/3 until deviation indicative of changing
micelle size or morphology, both of which are fixed constants in the PMT model.30 These
studies however revealed a loss of persistency, no PMT trend was observed at all, and there
was difficulty reproducing this recipe, as shown by the large error bars for duplicated
samples consistent with previous PMT literature. The inconsistencies may be a result of
minor changes in the system (i.e. wt% water in the polymer micelle solution, changes in
humidity, slight difference in sol recipe amounts) which cascade in the hydrolysis and
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condensation of tin chloride precursors and cause major changes in chemistries. At this
stage, films were measured as made (without the 200 ˚C aging) by taking films straight out
of the spin coater and directly into the SAXS under high vacuum revealing large crystallites
present at this stage. These crystals are associated partially reacted tin precursors. The same
films were prepared after allowing the sol to age for 15 hours and those exhibited a
decreased extent of crystallinity (Figure 4.4). This is especially noticeable with the SnCl2
sol exhibiting decreased peak intensities and the absence of some peaks after the aging
period. This points to precursor crystallization disrupting the micelle templates. In the prior
chapter, there was a minimum wall thickness needed to maintain micelle persistence in
solid films. The phase separation of the tin oxide precursors here enhances chain exchange
processes by 1) removing water and 2) removing the inorganic barrier in between micelles.
These aspects would lead to the loss of persistency upon aging, consistent with the reported
series prepared earlier. where no crystallite peaks are observed after aging at 200 ˚C for
just 1 hr (Figure 4.4). One potential explanation is that inorganic crystallites cause phase
separation of the added material from the polymer template. Subsequent heating of
precursors results in amorphous tin being reintegrated into the polymer template, however,
at this stage the disruption has caused deviation from the expected trapped starting micelles
leading to loss of persistency and systematic tunability. More studies are being done to
resolve precursor crystallization issues to maintain persistence and afford a tunable
systematic series of SnO2 films.
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Figure 4.2. GIWAXS of template using SnCl4 at
an M:T of 2.0 after calcination to 500 ˚C for 1 hr
indexed to tetragonal SnO2 (cassiterite).

Figure 4.3. SAXS d-spacing measurements of
templated SnO2 prepared using SnCl2 sol with
increasing M:T ratio. Error bars correspond to
the standard error-of-the-mean.
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Figure 4.4. GIWAXS of SnO2 films prepared using both (a) SnCl2 and (b) SnCl4 sol recipes
as made (green), after 15 hr sol aging (red), and after 200 C film aging (blue). All films
were prepared at an M:T of 2.0. Scattering data are offset vertically for clarity.

4.4 CONCLUSIONS AND FUTURE WORK
Previous synthetic PMT approaches utilized kinetically trapped polymer solutions
under acidic conditions with metal alkoxide precursors or sols. A neutral persistent polymer
solution coupled with acidic ex situ sol addition is being developed to allow for expansion
of PMT to various metal precursors, namely chlorides. This novel synthetic strategy
currently being developed for SnO2 will enable utilization of material precursors that are
more cost effective when alkoxide derivatives are difficult to come by and extremely
expensive. This synthetic approach utilizes SnCl4 and SnCl2 precursors where ongoing
developments look to solve issues with precursor crystallization that disrupt micelle
packing. The recipe has been optimized for proper aging treatments that allow for retention
of the structure post-calcination, humidity optimization. Current work is focusing on sol
aging and water content modification for successful combination with the polymer
template. Additionally, direct measurements can be done on the nanoparticle solution to
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check for crystallization in solution before combination with polymer and subsequent spin
coating films. These studies would allow for quick screening of time, heating, water
content, etc. needed to afford amorphous tin for templating.
Future success in establishment of a persistent window and synthesis of a
systematic series of SnO2 wall thickness on coated silicon wafers, will be followed by
electrochemical studies to elucidate the effect of controlled porous architectures on lithium
intercalation. This will be the first systematic study examining the implications of
controlled tuning of SnO2 crystallite confinement on battery performance.
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CHAPTER 5

SUMMARY AND SUGGESTIONS FOR FUTURE WORK
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5.1 SUMMARY
We looked to gain mechanistic insight to the novel chain exchange mechanism of a highχN polymer system. A SANS contrast matching technique was used to examine CIE of
polymer chains. Several concentrations were examined from 0.1-1.0 wt% as a function of
sonication time. These micelle solutions were estimated to have nearly 2.5 times higher χN
(~500) than previously explored literature. The micelles were confirmed to have
unobservable chain exchange when quiescent. In all concentrations, the extent of chain
exchange proceeded linearly with time. This result suggests that exchange is limited by the
extent of ultrasonic cavitation, similar to previously examined vortexing studies.1
However, the rate of chain mixing was uniquely found to have direct correlation with
polymer concentration. This data supported the posited mechanism. These results
suggested that typical energetic barriers for chain exchange are overcome by the energy
utilized by CIE. This concentration-based acceleration of exchange under sufficiently highχN conditions may enable concentrated industrial processing of kinetically controlled
micelles dispersed in highly selective solvents. Throughout the remainder of this work,
these specific results were utilized for templating purposes in a novel technique, PMT. This
method utilizes kinetic entrapment of block copolymer micelles with material additions for
orthogonal control over structure dimensions, namely pore size and wall-thickness.
Previous PMT demonstrations utilized water-reactive material precursors added
directly to micelle solutions. This resulted in depletion of the water necessary for kinetic
control of micelles. A novel hydrolysis method was developed utilizing an ex situ sol to
effectively decouple material additions from micelle control. This hydrolysis method for
TiO2 coupled with a new parallel batching system enabled drastically faster processing
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resulting in 26 M:T conditions prepared within 3 hrs. For comparison, an analogous in situ
route similar to previous methods required 24 hrs for sol formation alone. The hydrolysis
approach enabled the widest PMT window spanning nearly the full gamut of wall
dimensions from sparse walls to near pore isolation. The resulting confinement imposed
by the nanostructure monotonically affected the crystallite size of the resulting anatase.
Additionally, electrochemical lithiation exposed two titania polymorphs where again
anatase was monotonically increased with crystallite size attributed to size-dependent
strain mismatch of the anatase and bronze mixtures. In conclusion, this dissertation
collectively discussed various improved aspects of porous nanostructured fabrication from
kinetically trapped polymer micelles.
5.2 SUGGESTIONS FOR FUTURE WORK
PMT has a bright future focusing on the uses for fabrication of functionalized
devices. Any future direction can envision PMT as a powerful technique in energy
conversion and storage devices. This is realized by independent control on size
dimensions and architectures. While this study looked to expand the PMT material
handles, to titanium dioxide and presently tin oxide, there are still several materials and
properties to investigate. In future work, we will seek to investigate PMT in a variety
of different material systems, for e.g., carbonaceous materials, doped-tin oxide,
manganese, tungsten, and lithium nitrates, as they are potential candidates for applications
in adsorption, separation, catalysis, photoelectrochemical water splitting devices, fuel cells,
electrochromic devices, batteries and supercapacitors. The above discussed results are the
exploratory study comparing various materials chemistry marriages with a novel, high χ
block copolymer, PEO-b-PHA and a spherical micelle morphology. Further studies are

89

required to explore PMT over a drastically large range of pore sizes, potentially for
hierarchical structuring, mimicking colloidal templating. To realize these capabilities on a
sufficiently small length scale, expanding the block copolymer system to glass micelles
would be necessary. Lastly, different morphologies, for e.g.; cylinders, vesicles, or
bicontinuous structures would be of great uses in energy device fabrication.
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Scheme A.1. Synthesis of hexyl-d13 acrylate.

Figure A.1. 13C NMR of hexyl-d13 acrylate.
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Figure A.2. 1H NMR (a, c), and GPC (b, d) of PEO-b-PHA and PEO-b-dPHA
demonstrating controlled growth of diblock copolymers.
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Figure A.3. SANS data of post-mixed micelles with quiescent hold points. Sample
concentrations were 1.0, 0.5, 0.2, and 0.1 wt% polymer for (a), (b), (c), and (d),
respectively.
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Figure A.4. DLS of 0.1 (a), 0.2 (b),
0.5 (c), and 1.0 wt% (d) micelle
solutions as a function of
sonication time.
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Table A.1. Summary table of DLS fit data for all polymer solutions with sonication time.
Hydrodynamic Diameter (nm)*
Concentration
(wt%)
0.1
0.2
0.5
1.0

0 min

10 min

15 min

30 min

60 min

300 min

58 ± 13
57 ± 12
54 ± 12
46 ± 11

-54 ± 13
55 ± 11
--

60 ± 10
--46 ± 11

--53 ± 12
46 ± 11

57 ± 13
51 ± 12
---

67 ± 17
53 ± 14
45 ± 11
39 ± 9

*Mean ± Standard Deviation obtained by fitting a log-normal distribution
A.1. SANS FORM FACTOR FITTING
The SANS data were checked for consistency with the micelle hydrodynamic
diameter determined by DLS. The micelle core diameter distributions were determined by
SANS form factor fitting using a hard sphere form factor with a Gaussian size distribution
and a constant background. Custom MATLAB programs were used for fitting by
minimizing residuals on a log(Iq4) basis (Table S2). The 0.1 wt% samples required an
additional constraint of a fixed 30% standard deviation to reproducibly converge.
In all cases, the SANS data were consistent with a nominal core diameter of 18-19
nm. This is consistent with the 46-58 nm average hydrodynamic diameter determined by
DLS that also includes the micelle corona as well as the solvation shell.

Figure A.5. SANS data of 1.0 wt% micelle

96

solution with varying sonication time (open
circles). The best fit lines for a polydisperse
hard sphere model are presented (solid
lines). The data have been offset by powers
of 10 for clarity.
Table A.2. Summary of SANS form factor fitting using a hard sphere model.
Diameter (nm)*
Conc
wt%

0
min

30
sec

1
min

5
min

10
min

15
min

20
min

30
min

45
min

60
min

Quies.

0.1

18±
5

18±
5

18±
5

18±
5

18±
5

18±
5

18±
5

18±
5

18±
6

18±
6

18±5

0.2

18±
4

18±
5

18±
4

18±
4

18±
5

--

18±
5

19±
5

17±
5

18±
5

19±4

0.5

19±
3

19±
3

--

19±
3

19±
3

19±
3

19±
3

19±
3

--

--

19±3

1.0

19±
2

19±
2

--

19±
2

--

19±
2

--

19±
3

--

--

19±2

*Mean ± Standard Deviation
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Figure B.1. 1H NMR and GPC of PEO-b-PHA, P1 (a, b) and P2 (c, d), demonstrating
controlled growth of diblock copolymers with narrow molar mass dispersity.

Table B.1. PEO-b-PHA characterization
Sample

Mn, PEOa Mn, PHAa Total Mna Ðb
(g mol-1) (g mol-1) (g mol-1)

fvPEOc

fvPHAc

P1

5,000

18,700

23,700

1.14

0.21

0.79

P2

5,000

12,600

17,600

1.13

0.28

0.72

a

Obtained from 1H NMR analysis. bObtained from GPC analysis. cVolume fractions (fv)
calculated using densities1,2 PHA = 1.065 g cm-3, PEO = 1.064 g cm-3.
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Figure B.2. DLS measurements ex situ sol over
time. Data are offset vertically for clarity.

Table B.2. Summary table of DLS fit data for ex situ sol over time.
Aging Time Hydrodynamic
(min)
Diameter (nm)*
0
8±2
10
8±2
20
7±2
30
7±2
60
7±2
180
8±2
360
9±2
720
8±2
1440
9±2
*Mean ± Standard Deviation
obtained by fitting a log-normal
distribution
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Figure B.3. Schematic depicting procedure
used to measure wall thickness as the diameter
of the largest circle inscribed between pores.
This approach better accounts for wall volume
when pores exhibit faceting. The specific
SEM image is from sample P1-in-1.6.

B.1. WALL-THICKNESS MEASUREMENTS AND FITTING
Wall measurements were made on SEM images as depicted in Fig S3 using ImageJ
to measure the area of the inscribed circle. The wall-thickness, measured as the circle
diameter, was calculated from the circle area using Eq 1.
1

𝑤𝑎𝑙𝑙 = 2 ∗

𝐴𝑟𝑒𝑎 2
( 𝜋 )

( 2)

The wall-thickness was well fitted using the d-spacing and a single fit parameter:
𝑤𝑎𝑙𝑙 = 𝜀 ∗ 𝑑𝑚𝑜𝑑𝑒𝑙

( 3)
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Figure B.4. The mass of TiO2 films was
measured using ICP-MS to establish a
calibration curve for subsequent mass
normalization of electrochemical data. The
samples used for ICP-MS were prepared
identically to those used in the
electrochemical experiments.

Figure B.5. Photographs of ex situ templated films
exhibiting dewetting as a result of excess water (a).
Reducing water content was needed for uniform
films (b). Scale bars are 4 mm.
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Figure B.6. SAXS measurements of P1-ex-0water with increasing M:T ratio (a). Scattering
data are offset vertically for clarity. SAXS d-spacing measurements of P2-ex-0water with
increasing M:T ratio (b). Error bars correspond to the standard error-of-the-mean.

Figure B.7. SAXS measurements of P1in-1.2 with varying wait time after TTIP
addition. A minimum of 24 hrs were
needed for the production of the most
well-defined nanostructures. Scattering
data are offset vertically for clarity.
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Figure B.8. SAXS measurements of P1-inseries with increasing M:T ratio. Scattering
data are offset vertically for clarity.

Table B.3. Measurements of P1-in-MT
Sample

M:T ratio

SAXS
d-spacing (nm)

P1-in-1.6
P1-in-2.0
P1-in-2.3
P1-in-2.9
P1-in-3.0

1.6
2.0
2.3
2.9
3.0

29.5
30.3
33.3
35.3
39.1

SEM average
pore diameter
(nm)
17.9 ± 0.2
17.8 ± 0.1
17.8 ± 0.1
18.1 ± 0.2
18.2 ± 0.2

SEM average
wall thickness
(nm)
14.7 ± 0.1
15.1 ± 0.1
16.3 ± 0.2
16.6 ± 0.1
17.0 ± 0.4

Table B4. Fit parameters of P1-in
Pore Diameter (nm)a
17.9
b
fraction PEO (%)
21.0
β (unitless)c
4.66
c
ε (unitless)
0.480
S (unitless) d
0.993
c
γ (unitless)
1.00
a
Obtained by averaged SEM measurements. bObtained by H NMR analysis. cObtained by
least squares fitting. dAverage structure factor S obtained by comparing SEM and SAXS
measurements.
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Figure B.9. SAXS measurements of P1ex-series with increasing M:T ratio.
Scattering data are offset vertically for
clarity.
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Figure
B.10.
SAXS
d-spacing
measurements (a) and DLS measurements
(b) of P2-ex-low with increasing M:T ratio.
Average pore size (c) was measured by
independent SEM measurements and was
also calculated from the SAXS model for
106

comparison. Error bars correspond to the
standard error-of-the-mean.
Table B5. Fit parameters of P1-ex
Pore Diameter (nm)a
17.6
fraction PEO (%)b
21.0
c
β (unitless)
3.49
ε (unitless) c
0.533
d
S (unitless)
0.996
c
γ (unitless)
1.00
a
Obtained by averaged SEM measurements. bObtained by 1H NMR analysis. cObtained by
least squares fitting. dAverage structure factor S obtained by comparing SEM and SAXS
measurements.
Table B.6. Measurements of P1-ex-MT
Sample

M:T
ratio

SAXS
d-spacing (nm)

P1-ex-1.6
P1-ex-1.7
P1-ex-2.0
P1-ex-2.3
P1-ex-2.7
P1-ex-3.0
P1-ex-3.4
P1-ex-3.5
P1-ex-3.7
P1-ex-3.8
P1-ex-3.9
P1-ex-4.0
P1-ex-4.1

1.6
1.7
2.0
2.3
2.7
3.0
3.4
3.5
3.7
3.8
3.9
4.0
4.1

27.2
28.6
29.1
29.7
31.0
32.3
32.9
33.3
33.9
33.5
34.6
34.6
34.1

SEM average
pore diameter
(nm)
17.6 ± 0.2
17.5 ± 0.2
17.6 ± 0.2
17.5 ± 0.2
17.6 ± 0.2
17.6 ± 0.2
17.7 ± 0.2
17.7 ± 0.2
17.6 ± 0.2
17.6 ± 0.2
17.7 ± 0.2
17.7 ± 0.2
18.6 ± 0.2
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SEM
average
wall
thickness
(nm)
14.8 ± 0.1
15.1 ± 0.1
14.5 ± 0.1
16.3 ± 0.1
17.1 ± 0.1
17.8 ± 0.1
17.9 ± 0.1
18.0 ± 0.1
18.0 ± 0.2
18.2 ± 0.1
19.2 ± 0.1
17.4 ± 0.2
17.8 ± 0.1

Figure B.11. SEM images of P1-ex M:T 4.0 (a) and 4.2 (b).

Figure B.12. SAXS measurements of P2ex-series with increasing M:T ratio.
Scattering data are offset vertically for
clarity.
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Figure B.13. Analysis of films with
micelle templates using ex situ TiO2
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addition with P2. SAXS peak
positions were converted to dspacings and plotted in a log-log
coordinate space to identify PMT
model consistency when the slope is
1/3 (a). The identified PMT region
was fitted with the SAXS model (b).
Average pore size (c) was determined
with
independent
SEM
measurements and compared to that
from the SAXS model. The average
wall thickness (d) was determined by
independent SEM measurements and
compared to that from the SAXS best
fit. Error bars correspond to the
standard error-of-the-mean.

Table B.7. Fit parameters of P2-ex
Pore Diameter (nm)a
17.1
fraction PEO (%)b
26.7
c
β (unitless)
4.17
ε (unitless) c
0.525
d
S (unitless)
0.972
c
γ (unitless)
1.00
a
Obtained by averaged SEM measurements. bObtained by H NMR analysis. cObtained by
least squares fitting. dAverage structure factor S obtained by comparing SEM and SAXS
measurements.

Table B.8. Measurements of P2-ex-MT
Sample

M:T
ratio

SAXS
d-spacing (nm)

P2-ex-1.6
P2-ex-1.8
P2-ex-1.9
P2-ex-2.0
P2-ex-2.1
P2-ex-2.2

1.6
1.8
1.9
2.0
2.1
2.2

28.5
28.3
29.0
30.0
31.6
31.3

SEM average
pore diameter
(nm)
17.0 ± 0.2
17.0 ± 0.2
17.1 ± 0.2
17.0 ± 0.2
17.0 ± 0.2
17.2 ± 0.2
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SEM average
wall thickness
(nm)
14.8 ± 0.1
15.9 ± 0.1
16.1 ± 0.4
16.2 ± 0.1
16.4 ± 0.1
16.7 ± 0.1

P2-ex-2.6
P2-ex-3.4
P2-ex-3.7
P2-ex-3.9

2.6
3.4
3.7
3.9

32.6
35.0
36.2
35.4

17.1 ± 0.2
17.1 ± 0.2
17.1 ± 0.2
18.5 ± 0.3

16.8 ± 0.1
17.4 ± 0.3
17.9 ± 0.1
16.5 ± 0.3

Table B9. Capacity and Li content of P2-ex-MT from CV measurements.
M:T ratio

1.6
1.9
2.2
2.5
2.9
3.2
3.4
3.7

Average
Total
Capacity
(C/g total)
532
589
689
672
743
783
795
799

Average
Anatase
Capacity
(C/g total)
370
438
520
483
561
582
584
633

Average
Bronze
Capacity
(C/g total)
162
150
169
189
182
201
211
166

Extent
of
Lithiation (x)

0.44
0.49
0.57
0.56
0.62
0.65
0.66
0.66

B.2. CRUDE GEOMETRIC CALCULATION OF SPECIFIC AREA AND FILM
THICKNESS
Specific surface area of the oxide in the film was calculated from Eq 3.
4

𝑜𝑥𝑖𝑑𝑒 𝑚𝑎𝑠𝑠 = 𝜌(𝑑 3 − 3 𝜋𝑟 3 )

( 3)

Where d (nm3) is the measured d-spacing from SAXS for a given M:T, r (nm) is the
average pore size observed by SEM, and ρ (g/cm) is the average density of the anatase and
bronze TiO2(B) assuming 75% and 25% respectively. The surface area was calculated from
the average pore size (r) as shown in Eq. 4
𝑆𝐴 = 4𝜋𝑟 2

( 4)

Specific surface (m2/g) is simply Eq. 4 divided by Eq. 3. resulting in
approximations from low M:T to high of 129 – 56 m2/g.

Table B.10. Calculated specific surface area
M:T ratio
1.6

Specific Surface
Area (m2/g)
129

111

1.9
2.2
2.5
2.9
3.2
3.4
3.7

120
90
94
76
68
64
56

Table B.11. Equivalent compact film thickness calculated using the area normalized film
mass (Fig B.4) and a weighted average density of anatase and bronze phases. The micelle
derived pores spread this mass over a larger spatial extent, corresponding to the volume
fraction of pores. Based on similar templates, we expect the porous film thickness to be
10-30% thicker than these values.3
M:T ratio
1.6
1.9
2.2
2.6
2.9
3.2
3.4
3.7

Compact
Film
Thickness (nm)
25.0
27.0
29.8
31.7
34.8
36.2
38.7
40.8
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